REPORT  DOCUMEfslTATIOfv'  PAGE 

Form  Approved 

0MB  No.  0704-0188 

"^Public  reporting  burden  for  this  collection  of  information  is  estimated  to  av-erage  i  hour  per  response,  including  the  time  for  reviewing  instruaions,  searching  existing  data  sources, 
gathering  and  maintainina  the  data  needed,  and  completing  and  reviewing  the  colleaion  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this 
collection  of  information, “Including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson 
Davis  Highway,  Suite  120d,  Arlington,  VA  22202*'t30?,  and  to  the  Office  of  Management  and  Budget,  Paperv/ork  Reduction  Project  (0704-0188),  Washington,  DC  20503. 

11.  AGENCY  USE  Or^lY  (Leave  blank) 

2.  REPORT  bAfE 

1982 

3.  REPORT  TYPE  AND  DATES  COVERED 

Final 

4.  TITLE  AND  SUBTITLE 

Proceedings  of  the  Tri-Service  Gun  Tube  Wear  and 
Erosion  Symposium,  ARRADCOM,  Dover,  NJ, 

25-27  October  1982 

5.  FUNDING  NUMBERS 

Unknown 

'6.  AUTHbR(S) 

Picard,  Jean-Paul 

Ahmad,  Iqbal 

Bracuti,  Arthur 

■7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

American  Defense  Preparedness  Association  at 

U.S.  Army  Armament  Research  and  Development 
Command,  Dover,  New  Jersey 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

Unknown 

■gi  SPONSORiNG  / MONITORING  AGENCY  NAME(sT  AND  ADDRESS(ES) 

10.  SPO^!SORlWG/MDf\]!TbRll\!G 

AGEf\SCY  REPORT  NUMBER 

same  as  above 

Unknown 

'11.  SUPPLEMENTARY  NOTES 

Proceedings  of  the  1977  Symposium  are  available 
ADA046606 

in  the  DTIC  collection 

‘  l2a.  DISTRICinTOW  /  AVAILABILITY  STATEMENt 

12b.  DISTRIBUTION  CODE 

Approved  for  Public 

Release 

A/01 

'13.  ABSTRACT  (Maximum  200  words) 


This  volume  consists  of  reprints  of  the  tedinlcal  papers  presented  at  the 
Trl-Servlce  Gun  Tube  Wear  and  Erosion  Symposium,  held  at  Plcatlnny  Arsenal,  Dover, 
New  Jersey,  on  October  25-27,  1982,  but  was  updated  to  reflect  the  current  findings. 
It  was  the  second  Trl-Servlce  S3rii^oalum  hosted  at  the  Army  Armament  Research  and 
Development  Command  (ARRADCOM) . 

forty  papers  authored  by  scientists  and  engineers  from  the  Trl— Services ,  Industries, 
and  the  Academia,  were  presented  In  six  sessions,  namely:  (1)  Overview  of  the 
Current  Properties;  (II)  Phenomenology  and  Characterization;  (III)  Mechanisms  and 
Modeling;  (IV)  Coatings;  (V)  Liners,  Rotating  Bands  and  Design;  (VI)  Propellants 
and  Additives.  This  was  followed  by  remarks  made  by  the  Chairman  of  each  session 
stressing  the  major  points  made  in  each  session,  with  identification  of  the  cen¬ 
tral  areas  where  future  R&D  efforts  should  be  concentrated. 


— 

It  was  Intended  for  this  symposium  to  enhance  coordination  of  activities  be¬ 
tween  the  services  and  Industries. 

14.  SUBJECT  TERMS  QUN  BARRELS,  GUN  PROPELLANTS,  EROSION 
RESISTANCE,  WEAR  REISTANCE,  HEAT  RESISTANT  ALLOYS, 
INTERIOR  bAlLISTICS,  MUZZLE  VELOCITY,  GUN  BARREL 
ATTACHMENTS,  SYMPOSIA,  JOINT  MILITARY  ACTIVITIES 

15.  NUMBER  OF  PAGES 

554 

16.  PRICE  CODE 

M.  SECURITY  CLASSIFICATION 

OF  REPORT 

U 

18.  SECURITY  CLASSIFICATION 

OF  THIS  PAGE 

U 

19.  SECURITY  CLASSIFICATION 

OF  ABSTRACT 

U 

20.  LIMITATION  OF  ABSTRACT 

U 

NSN  7540-01-280-5500  Standard  Form  298  (Rev,  2-89) 


Proscribed  by  ANSI  Std  Z39-18 
298-102 


Block  1.  Agency  Use  On\w  (Leave  blank). 

Block  2.  Report  Date.  Full  publication  date 
including  day,  month,  and  year,  if  available  (e.g.  1 
Jan  88).  Must  cite  at  least  the  year. 

I  Blocks.  Type  of  Report  and  Dates  Covered. 

I  State  whether  report  is  interim,  final,  etc.  If 
applicable,  enter  inclusive  report  dates  (e.g.  10 
Jun87-30jun88). 

Blocks.  Title  and  Subtitle.  A  title  is  taken  from 
the  part  of  the  report  that  provides  the  most 
meaningful  and  complete  information.  When  a 
report  is  prepared  in  more  than  one  volume, 
repeat  the  primary  title,  add  volume  number,  and 
include  subtitle  for  the  specific  volume.  On 
classified  documents  enter  the  title  classification 
in  parentheses. 

Blocks.  Funding  Numbers.  To  include  contract 
and  grant  numbers;  may  include  program 
element  number(s),  project  number(s),  task 
number(s),  and  work  unit  number{s).  Use  the 
following  labels; 


Contract 

PR  - 

Project 

Grant 

TA  - 

Task 

Program 

WU  » 

Work  Unit 

Element 

Accession  No 

Blocks.  Author(s).  Name(s)  of  person(s) 
responsible  for  writing  the  report,  performing 
the  research,  or  credited  with  the  content  of  the 
report.  If  editor  or  compiler,  this  should  follow 
the  name(s). 

Block  7.  Performing  Organization  Name(s)  and 
Address(es).  Self-explanatory. 

Block  8.  Performing  Organization  Report 
Number.  Enter  the  unique  alphanumeric  report 
number(s)  assigned  by  the  organization 
performing  the  report. 

Block  9.  Sponsoring/Monitoring  Agency  Name(s) 
and  Address(es).  Self-explanatory. 

Block  10.  Sponsoring/Monitoring  Agency 
Report  Number.  (If  known) 

Block  11.  Supplementary  Notes.  Enter 
information  not  included  elsewhere  such  as: 
Prepared  in  cooperation  with...;  Trans,  of...;  To  be 
published  in....  When  a  report  is  revised,  include 
a  statement  whether  the  new  report  supersedes 
or  supplements  the  older  report. 


Block  12a.  Distribution/Availabilitv  Statement. 
Denotes  public  availability  or  limitations.  Cite  any 
availability  to  the  public.  Enter  additional 
limitations  or  special  markings  in  all  capitals  (e.g. 
NOFORN,  REL,  ITAR). 

DOD  -  See  DoDD  5230.24,  "Distribution 
Statements  on  Technical 
Documents." 

DOE  -  See  authorities. 

NASA  -  See  Handbook  NHB  2200.2. 

NTIS  -  Leave  blank. 

Block  12b.  Distribution  Code. 

DOD  -  Leave  blank. 

DOE  -  Enter  DOE  distribution  categories 
from  the  Standard  Distribution  for 
Unclassified  Scientific  and  Technical 
Reports. 

NASA-  Leave  blank. 

NTIS  -  Leave  blank. 

Block  13.  Abstract.  Include  a  brief  ('Max/mum 
200  words)  factual  summary  of  the  most 
significant  information  contained  in  the  report. 

Block  14.  Subject  Terms.  Keywords  or  phrases 
identifying  major  subjects  in  the  report. 

Block  15.  Number  of  Pages.  Enter  the  total 
number  of  pages. 

Block  16.  Price  Code.  Enter  appropriate  price 
code  (NTIS  only). 

Blocks  17.  - 19.  Security  Classifications.  Self- 
explanatory.  Enter  U.S.  Security  Classification  in 
accordance  with  U.S.  Security  Regulations  (i.e., 
UNCLASSIFIED).  If  form  contains  classified 
information,  stamp  classification  on  the  top  and 
bottom  of  the  page. 

Block  20.  Limitation  of  Abstract.  This  block  must 
be  completed  to  assign  a  limitation  to  the 
abstract.  Enter  either  UL  (unlimited)  or  SAR  (same 
as  report).  An  entry  in  this  block  is  necessary  if 
the  abstract  is  to  be  limited.  If  blank,  the  abstract 
is  assumed  to  be  unlimited. 


GENERAL  INSTRUCTIONS  FOR  COMPLETING  SF  298 

The  Report  Documentation  Page  (RDP)  is  used  in  announcing  and  cataloging  reports.  It  is  important 
that  this  information  be  consistent  with  the  rest  of  the  report,  particularly  the  cover  and  title  page. 
Instructions  for  filling  in  each  block  of  the  form  follow.  It  is  important  to  stay  within  the  iines  to  meet 
optical  scanning  requirements.  _ 


Standard  Form  298  Back  (Rev.  2-89) 


0  V-  -I 

^1»R0CEEDING^0F  THE 

^  'TRI-SERVICE  GUN  TUBE  WEAR  ANI 
EROSION  SYMPOSIUMj 

®  OCTOBER  1982j 


Reproduced  From 
Rest  Avdileble  Copy 


N 

■i  ''i 


...  >  \ 

l-  i 

•  I'-; 


K'l'f 

(%}'■% 


i' EDITORS: 

JEAN-PAUL  PICARD 
f  IQBAL  AHMAD 
ARTHUR  BRACUTIj 


'v;  '  .  I^ZvRL'  RAiE'vT  CEMTEn 

v-.E,'  ;  ;  .  SCiKNTJiaG' AND;  TECHX’a' a;.  l:';rur:.'r:A'i'!(.!N  .DiVjEIDN 

by  'EE;V 


‘  VlifE’  AT'  E  , 

'  U.Si  ARMY  ARMAMENT  RESEARCH  " 


A 


=  'I  0,1 


-rf’’ 

Ell 


’’  /  X 's  J 
1 \ 


r-'^i 

:  \  ee'T-.a  &■ . 


EEm' 

■  Eli 

’■  4# 

‘  'fe,- 

:rW^. 


A  N  p  i  vlto'pM 

■“"*'^'"';!?i'DQVER!'NEW^^  ' 


,  .•V'EEEEvf'DOVER^  NEW  JERSEY, ■;..•■  '.EE,;.:  EeIEvEEiE 

E.-'-'-"  '  I'EI%A454AEE,S--.-'V  ■"■ 


v  '-  .sas'iSv^-j^^S 

sey;V.^ 


sciK>^tiric  ;tyiJ  i^lEgHMATu)!' 


CE.XTER 
K)N  DIVISION 


TyrmqiCAL  PROGRAM  COMMITTEE 


Dr.  Jean-Paul  Picard.  LCWSL.  ARKADCOM.  Dover.  NJ  -  Chairman 
Dr  Arthur  Bracuti.  LCWSL.  ARRADCOM.  Dover.  NJ 
Si*  libal  Ahmad.  Benet  Weapons  Lab.  LCWSL.  ^ 

Sr*  Austin  Barrows,  BRL.  ARRADCOM.  Aberdeen  Proving  Ground.  MD 
ll:  Material  and  Mechanics  Research  Center, 

Watertown,  MA 
Dr.  Robert  R.  Reeber.  US 

Me  'otM  Helnev  Armament  Division,  Eglln  Air  Force  BMe,  FL 
M^;  J^s  S  ?La^  »aval  Surface  Weapons  Center,  Dahlgren,  VA 


Army  Research  Office,  Research  Triangle 


') 


The  Assistant  Secretary  of  Defense  for  Public  f  ^ 

determined  that  this  event  aSiviUes. 

Defense  guidance  in  the  conduct  of  Association  activit 


-x-r  VF^KARril 

,  N'sl'  TU  W  N 


x\;  CENTER 

..'.V-,'!  division 


) 


general  comments 


This  voliiae  consists  of  reprints  of  “^^J^at^Jicatlnny  Arsenal. 

Trl-Servlce  Bun  fob.  Wear  ^  ““‘“^^‘‘apatea  to  reflect  the  cur^t  tl^i°S°- 
”ir,rtS%:"! sfr^-  S„;sl»  hostea  at  the  Amy  Amsmnt  Kes 
Development  Command  (AERADCOM). 

The  last  syiaposlnn  on  this  subject  uaa 

rt»-ierouf£M^^^^ 

states  Aha  forel^  “rili«materlals,  rotating  erosion.  The 

rrlnaea  for  this  synposlun  to  enhance  coorainatlon  of  actlyltles  be- 

tueen  the  services  «.a  mauatrles.  ;^,aoclate  Technical 

Following  the  welcoming  remarks  ^  PhlUp’.  Deputy  f”^^'*a„les. 

Director,  ana  engineers  from  the  W-S^1«a^  I.austr 

forty  papers  in  six  sessions,  namely:  .  ^chanisms  and 

current  (II  f  “°“ars  .'*Ltatlng  “S^i^of  escS  session 

raISfil-.  Tit  '"Trt-lT  JtthTftfflcatlon  of  the  cen- 

US^SLTm^ruttrklD-^^^^^^  shouia  be  concentmma.^^^^ 

for  hrattufanT 
Technology. 


TABLE  OF  CONTENTS 


Summary 

Session  I;  Symposiun  Overview  —  Chairman:  Dr.  John  T.  Frasier 

U.S.  Array  Gun  Barrel  Wear  and  Erosion  Program  a  Review 
J.  Lannon 

LCWSL,  ARRADCOM,  Dover,  NJ 

The  Operational  Impact  of  Naval  Gun  Erosion 

J. S.  O'Brasky 

Naval  Surface  Weapons  Center,  Dahlgren,  VA 

Basic  Research  Related  to  Gun  Tube  Wear  and  Erosion 
Robert  R.  Reeber 
U.S.  Army  Research  Office 
Research  Triangle  Park,  NC 

Status  of  Gun  Barrel  Wear  and  Erosion  in  the  USA 
Jean-Paul  Picard 

LCWSL,  ARRADCOM,  Dover,  NJ 

Session  II:  Phenomenology  and  Characterizations  —  Chairman: 

Dr.  Joseph  A.  Lannon 

GAU-8/A  Barrel  Life  Improvement  Program  Microflash 
Photography,  Post  Test  Ifetallographic  Results 
S.R.  Duke,  D.P.  Perrin,  M.A.  Blair 
General  Electric  Company,  Burlington,  VT 

White  Layer  Development  on  Gun  Steel  in  Ballistic 
Compressor  Tests 

R.J,  Arnott,  W.J.  Croft,  L.A.  Shepard 
AMMRC,  Watertown,  MA 

Metallurgical  Characterization  of  the  Eroded  Bore 
Surface  of  a  High  Performance  Barrel 

K.  Iyer 

SCWSL,  ARRADCOM,  Dover,  NJ 
A.  Schmacher,  H.  Weiss 
IFAM,  Bremen,  West  Germany 

Auger  Electron  Spectroscopic  Analysis  on  Gun  Tube  Erosion 
Sln-Shong  Lin 
AMMRC,  Watertown,  MA 


i 


Page  No. 
vl 

I-l 

1-27 

1-52 

I- 63 

II- 72 

11-89 

II- 100 

II-lll 


11-126 


Electrochemical  Studies  of  Chromlim  In  Molten  LIF-  NAF-RF 
R.A.  Bailey,  T.  Yoko 

Dept,  of  Chem. ,  Rensseler  Polytechnic  Institute 
Troy,  NY 

Monitoring  Interior  Surface  Conditions  of  Large  Caliber 
Gun  Barrels  at  Aberdeen  Proving  Grounds 
R.  A.  Glllery 

Material  Testing  Directorate,  Aberdeen  Proving  Grounds,  MD 

Metallographlc  Studies  of  Erosion  and  Cracking  of 
Cannon  Tubes 

R.M.  Fisher,  A.  Szlrmae 

U.S.  Steel  Corp.,  Research  Laboratory,  Monroeville,  PA 
M.H.  Kamdar 

ARRADCOM,  LCWSL,  Benet  Weapons  Laboratory, 

Watervllet  NY 

Session  III;  Mechanism  and  Modeling;  —  Chairman:  Dr.  Austin 
Barrows 

A  Ballistic  Compressor  for  Studies  of  Corrosion 
and  Erosion  of  Metals  Exposed  to  a  Hot,  Dense  Gas 

M.  Takeo,  J.  Dash,  C.E.  Sanford 
Dept  of  Physics,  PSU,  Portland  OR 

Calibration  of  the  Nordhelm-Soodak  Heat  Transfer  Model 
to  the  Large  Caliber  Artillery  Tube  Heating  Problem 
John  E.  Kovacs 

ARRADCOM,  Requirements  and  Analysis  Office 
Dover,  NJ 

Role  of  Surface  Oxide  on  Gun  Barrel  Wear 
I.C.  Stoble,  J.R.  Ward 
ARRADCOM,  BRL 

Aberdeen  Proving  Grounds,  MD 

Two-Dimensional,  Turbulent,  Two-Phase  Interior 
Ballistic  Flows  Using  Implicit  Numerical  Algorithm 

N. E.  Banks 
ARRADCOM,  BRL 

Aberdeen  Proving  Grounds,  MD 
H.J.  Glberllng,  H.  Me  Donald 

Scientific  Research  Associates,  Inc,  Glastonbury,  CT 

Modeled  Heating  and  Surface  Erosion  Comparing  Mablle  (Gas  Borne) 
and  Stationary  (Surface  Coating)  Inert  Particle  Additive 
A.C.  Buckingham,  W.J.  Slckhaus 

University  of  California,  Lawrence  Livermore  National  Laboratory 
Livermore,  CA 


11-133 


11-151 


III-162 


III-172 


III-182 


I II- 192 


1 1 1-203 


11 


III-221 


Gun  Wear:  An  Account  of  Recent  UK  Research  and  New 
Wear  Mechanisms 

D. C.A.  Izod,  R.G.  Baker 

RARDE,  Fort  Halstead,  Sevenoaks,  Kent,  UK 

Session  IV:  Coatings:  —  Chairman:  Dr.  Iqbal  Ahmad, 

GAU-8/A  Barrel  Live  Improvement  Program  IV-253 

David  Perrin,  Steven  Duke 
General  Electric  Co.,  Burlington,  VT 

Evaluation  of  Diffusion  Coatings  on  Gun  Barrel  IV-269 

G.R.  Lakshminarayanan,  W.T.  Ebihara 
ARRADCOM,  SCWSL,  Dover,  NJ 

High  Rate  Sputtering  of  Tantalum  on  to  Gun  Steel  IV‘-277 

J .  F .  Fox 
ARRADCOM,  LCWSL 
Dover,  NJ 

E. D.  Me  Clanahan 

Battle  Pacific  Northwest  Laboratories,  Richmond,  VA 

A  New  Concept  for  Deposition  of  Chrome  Coatins  in  Tubes  IV-289 

A.  Niiler,  W.F.  Henshawt ,  J.R.  White 
ARRADCOM,  LCWSL,  Dover,  NJ 

Electro-deposition  of  Refractory  Metal  Coatings  IV-299 

(Tantalum  and  Colurabium)  From  Fused  Salt  Electrolytes 
Ahmad,  G.J.  Janz ,  J.  Spiak,  E.S.  Chen 
ARRADCOM,  LCWSL,  Benet  Laboratory 
Watervliet,  NY 

Advances  in  Electro-deposition  of  Chromium  IV-334 

E.S.  Cheti,  W.  Baldauf,  R.S.  Carter 
ARRADCOM,  LCWSL,  Benet  Laboratory 
Watervliet,  NY 

Erosion  Resistant  Coatings  for  Gun  Tube  Bore  Protection  IV-344 

J.A.  Sheward 

RARDE,  Fort  Halstead,  Sevenoaks,  Kent,  UK 

Refractory  Metal  For  Control  of  Gun  Tube  Erosion  IV-354 

M.  Levy,  S.K.  Pan 
AMMRC,  Watertown,  MA 

Session  V:  Liners,  Rotating  Bands,  and  Design:  —  Chairman: 

James  S.  O'Brasky 

Material  For  De-Coppering  Erosion-Resistant  Gun  Tube  V-368 

G.C.  Vezzoli,  M.  Otooni 
ARRADCOM,  LCWSL,  Dover,  NJ 


V-382 


Ceramic  Material  for  Lightweight  Guns 
P.  Wong 

AMMRC,  Watertown,  MA 

Feasibility  of  Glass  Matrix  Composite  Cylinders  for  Gun  Barrel 
Liner  Applications 

R.A.  Giles,  E.  Bunning 

Saco  Defense  Systems  Division 

Maremont  Corporation,  Saco,  ME 

Advanced  High  Perfomiance  Guns  with  Refractory 
Liners  for  Erosion  Resistance 

P.D.  Aalto,  G.P.  O’Hara,  G.D.  Andres 
ARRADCOM,  LCWSL 

Benet  Laboratory,  Watervliet,  NY 

Engraving  of  Rotating  Bonds:  A  Modification  of  Metal 
Flow  Pattern 

Boaz  Aritzur, 

ARRADCOM,  LCWSL,  Benet  Laboratory 
Watervliet,  NY 

Interface  Considerations  in  Medium  and  Major  Caliber  Guns 
J.S.  O’Brasky 

Naval  Surface  Weapons  Center 
Dahlgreen,  VA 

Session  VI:  Propellants  and  Aditives  —  Chairman: 

Dr.  Arthur  J.  Bracuti 
Dr.  Jean-Paul  Picard 

Mitigation  of  Heating  and  Erosion  in  High  Energy 
Anti-Armor  Automatic  Cannons 
Franklin  A*  Vassallo 
Calspan  Corporation,  Buffalo,  NY 

A  Comparison  of  Barrel-Heating  Processes  for 
Granular  and  Stick  Propellant  Charges 

A. W.  Horst 

ARRADCOM,  BRL,  Aberdeen  Proving  Grounds,  MD 

Erosivity  of  Stick  Propellant 
J.R.  Ward,  I.C.  Stobie 
ARRADCOM,  BRL, 

Aberdeen  Proving  Grounds,  MD 

A  Critical  Examination  of  the  Concept  of  Worn  Gun 
Charge  Assessment 

B. Z.  Jablorski,  J.S.  0*Brasky 
Naval  Surface  Weapon  Center 
Dahlgren,  VA 


) 

V-392 


V-404 


V-416 


V-444 


VI-461 


VI-479 


VI-489 


VI-506 


iv 


wear  Testing  of  M30A1  and  lOlEl 

configuration  Packaged  In  Bags  and  Comtostlble  Ca 
J.A.  Lannon,  A.J.  Bracuti,  C.J.  Gardner 
ARRADCOM,  LCWSL,  Dover,  NJ 
D.  Adams,  G.  Sturbutzel 
Calsban  Corporation,  Buffalo,  NY 


SUMMARY 


4  on  the  subiect  of  erosion  of  gun  tubes.  The 
This  is  the  third  symposium  on  the  subject 

held  at  Watervliet,  MY  and  Dover.  NJ  in  1970  and  1977 
previous  ones  were  held  at  watervxi  , 

respectively.  development 

In  the  1977  symposium  a  number  of  area 

to  cootroX  erosion  .ere  iniieetei.  In  the  s».er,  oi  its 
,oceeain.s  an  entire.  «XX  ooorainetea  e«ort  nnaer  tHe  snperrision  oi 

o  /co-nittee  ras  also  enphasirea.  the  Army,  being  the  mjo 

Working  Group/ Committee  was  „ 

goreloper  ana  nser  oi  gans.  estahXishea  snch  a  committee.*  this  nom^tte 

orxmnxatea  PAP  both  in  the  Ooyernment  ani  inanstriaX  laboratories.  Mao 

„K.  the  ^yal  Armament  Pesearnh  ana  Pevelopment  Estahlishaent  (RAPPK) 

ntarv  research  projects,  ana  unaer  tCCP-Pl 
laitiatea  a  number  of  complementary  research  p 

..ceement  has  been  «rhing  eery  closely  with  the  committee.  ..nseguen  y. 

.luce  the  ena  of  «oria  «ar  II.  1977-1982  became  a  peah  perioa  for  act  ,e 

stuaie.  of  the  phenomenon  of  erosion  ana  its  control. 

gecause  of  limitation,  of  time,  papers  presentea  in  this  symposium 
represent  only  a  part  of  the  results  obtalnea  in  this  five  year  perioa. 
somplete  listing  of  the  Oorermaent  reports  ana  open  literature  P^licat  ons 

coverea  in  the  bibliography  incluaea  in  this  volume. 

4  .  a,  ptf  sessions,  namely  (D  Overview,  (ID 

The  symposium  consisted  o 

Phenomenology  ana  Characterisation.  (Ill)  Mechanisms  ana  Moaelling.  (IV) 
coatings.  (V)  liners.  Potating  Banas.  ana  Pesign.  (VI)  Propellants  ana 

Additives. 

T5S5b?r— oT-thj  Erosl^.mlt^e^|»t;  J-  ’ 

ri:  M  “Ea-ALtrS:  rLt:i”r:  L:-ify-of 

ARO.  Consultants:  Dr.  J.  Plcar  » 
nunois.  Chicago;  Dr.  I-  Sharma.  APPAPCOM. 
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address,  reemphasized  that  the  o^=^ 

the  et.te»ent  ..de  by  SI.  Peedrlch  Abel  t„  ,ass, 

The  great  Increase. ..  .in  the  power  of  artm  », 

artillery  has  brought  the  subject  of 

erosion  of  g„„ 

nee,  and  It  Is  not  too  much  to  say  that  It 
ee»  ^<.»e  one  ol  the  eblel  dllllenUles  to  be  eneonnte.ed  by  nbe  .1  . 
-  ^e.  A.  ee  ee„  .  _  ,, 

He  one  .eet  dlllienUy  eblcb  eee„e  Ubely  lo  l„p„se  n  ll.li  on  ibe  sine  end 
»e.  Ol  oidnanoe  In  Inin.e"  a..!  ,neted  In  ibe  beynote  add.e.a  of  ibe  1,7; 

.a  atm  ealld.  Ineylie  of  ibe  .eat  .o.ese  .de  In  the  eonttol 

on  In  the  eonventlonal  gun.,  ne»  chaUengea  were  appearing,  for 

example,  in  the  form  of  ICAS  anrl  rr, 

^  “*  'ievelop.ent,  and  mat  be  met. 

I  or.  d.  bannon.  Chairman  of  the  Army  Erosion  committee.'  anmmarlaed  the 
seuent  adeaneea  In  the  nnderatandlng  and  control  of  eroaSn  made  dnrlng  the 
r  -et  flee  years.  Or.  Seeber  of  AbO  e^merated  the  program  a.naored  by  AKO 

;  »  tcb  inclnded.  electrodepoaltlon  of  cbroml™  m  magnetic  fields,  electrode’  . 

-  -  electrodepoaltlon  of  cbromlnm  from  fnaed  salt  electrolytes 
alloys  d^T"'  '‘^'""“epoeitlon  of  amorphons  ratals  and 

■obl  e  and  stationary  Inert  particle  addltlees.  m  a  reelew  of  the  Oaey.s 
-eoleement  In  the  erosion  control,  d.  o.Brasby  Indicated  that  In  the 

coaventlonal  naval  guns,  because  of  the  use  of  i 

use  of  low  temperature  propellants 

supported  by  additives,  erosion  nr^^ 

t  a  worrisome  problem.  However,  in 

future  systems  designed  for  superior  nerfor.,. 

Perior  performance,  serious  erosion  problems 

were  expected.  The  Air  Force's  major  effort  has  h 

in  the  development  of 

P  astlc  rotating  bands  for  GAU-8. 
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As  reported  in  the  papers  Included  in  these  proceedings ,  a  number  of 
significant  advances  both  in  the  understanding  of  the  mechanisms  of  erosion 
and  control  can  be  identified. 

While  the  application  of  new  surface  characterization  techniques 
continued  to  be  used  to  obtain  additional  insight  Into  the  nature  of  the 
products  formed  at  the  bore  surface  as  a  result  of  firing  propellants  with  and 
without  additives  and  ablatives,  laboratory  studies  Involving  a  37  mm  blow  out 
gun  showed  that  propellants  containing  additives  leave  a  thin  layer  of  residue 
which  Insulates  the  bore  surface  and  thus  contributes  to  the  reduction  of 
erosion.  Even  charges  containing  no  additives  leave  an  oxide  film  which 
reduces  erosion  by  the  subsequent  round.  The  thickness  of  the  film  depends  on 
the  propellant  flame  temperature.  Supportive  evidence  was  obtained  from  the 
heat  input  data  in  the  instrumented  105  ram  M68  gun.  Heat  transfer  to  the  bore 
surface  when  M392A2  charge  was  fired  after  a  'clean  out'  round  of  a  charge 
with  high  flame  temperature  (such  as  M30,  in  M490  rd.),  was  higher  than  that 
with  low  flame  temperature  propellant  (such  as  Ml,  in  M467  rd.). 

Theoretical  vrerk  sponsored  jointly  by  ARO  and  ARRADCOM  further  confirmed 
the  above  observation.  Besides,  it  was  shown  theoretically  that  the  most 
effective  reduction  in  erosion  was  caused  by  the  mobile  gas  born  additive 
particles  (as  in  the  conventional  charges  in  which  an  additive  jacket 
consisting  of  rayon  gauze  Impregnated  with  Ti02  +  wax  or  talc  +  wax  is 
incorporated) .  Extensive  work  at  BRL  on  the  heat  transfer  both  in  105  ram  M68 
and  155  mm  Instrumented  guns  has  provided  data  for  both  modelling  studies  at 
LLNL,  as  well  as  for  developing  serai-empirical  relationships  to  predict 
erosion  life  of  guns.  Significant  contributions  have  been  made  at  Calspan 
Corporation  where  unique  therraal/erosion  research  facilities  involving  both  60 


vlll 


mm  and  90  mm  fixtures  have  been  developed,  not  only  to  measure  the  heat 
transferred  to  the  bore,  but  also  the  rate  of  erosion  of  the  bore  surface 
using  a  Knoop  indentation  technique.  These  facilities  have  been  used 
effectively  to  evaluate  candidate  materials  for  bore  surface  protection  and 
the  efficiency  of  erosion  inhibitors,  particularly  dimethyl  silicone  ablative 
compositions,  as  well  as  the  design  of  the  rounds  containing  these  ablatives 
and  their  influence  on  the  interior  ballistics  of  the  guns. 

Progress  in  low  erosivity  propellants  such  as  those  reported  in  the  1977 
symposium  has  not  been  significant.  Major  emphasis  has  been  on  the  study  of 
the  erosivity  of  the  stick  propellants.  It  has  been  shown  that,  as  has  been 
suggested  by  Nordheira,  the  M30  stick  propellant  was  more  erosive  than  the 
granular  form,  probably  because  the  unburnt  propellant  remained  in  the  chamber 
longer  and  therefore  the  heat  transferred  to  the  commencement  of  rifling  area 
was  higher. 

In  the  1977  symposium  the  need  for  the  improvement  of  the  conventional  HC 
chromium  was  emphasized  and  development  of  technology  of  using  refractory 
metals  (other  than  the  brittle  chromium)  and  ceramics  was  highlighted.  As  is 
evident  from  the  number  of  papers  presented  in  Sessions  IV  and  V,  there  has 
been  considerable  activity  in  this  area  and  many  outstanding  contributions 
have  been  made. 

The  process  of  electroplating  of  chromium  was  introduced  in  the  1920-1930 
time  frame,  with  the  main  objective  of  achieving  resistance  to  mechanical  wear 
and  bright  appearance  for  application  on  shafts,  cylinders,  car  bumpers,  and 
other  household  items.  The  same  process  was  being  applied  until  now  in  the 
gun  barrels.  In  ARRADCOM  it  is  now  well  recognized  that  for  successful  and 
reliable  performance  of  the  electrodeposited  chromium,  it  is  necessary  to 


modify  the  process  to  achieve  superior  mechanical  properties  (such  as  tensile 
and  shear  strength).  Some  of  the  salient  results  of  the  R&D  projects 
initiated  with  that  objective  include:  (a)  HC  chromium  applied  In  105  mm  M68 
tubes  both  by  the  conventional  immersion  process  and  the  pump  thru  process  was 
evaluated  by  test  firing.  The  pump  thru  chrome  behaved  better  than  that 
applied  by  the  immersion  process.  Also,  partially  plated  barrels  gave  a  | 

better  accuracy  than  that  given  by  the  fully  plated  tubes,  (b)  Mechanical 
strength  was  Identified  as  one  of  the  necessary  properties  for  the  coating  to 
be  successful  in  gun  barrels.  Therefore,  a  systematic  study  of  the  effect  of 
aging,  current  density,  plating  temperature,  additives,  flow  rate  of  the 
electrolyte,  etc.,  on  the  mechanical  properties,  microstructure.  Internal 
residual  stresses,  and  texture  of  the  HC  chromium  has  been  made  at  BWL.  (c) 
Low  contractile  chromium  coating  applied  at  85® C,  100-120  amp/dm^  and  using  a 
pump  thru  system  gave  the  best  mechanical  properties.  Its  erosion  behavior  as 
determined  by  test  firing  in  20  mm  M24A1  gun  barrel  using  a  severe  AF  firing 
schedule  was  superior  to  HC  chromium,  (d)  Both  Improved  HC  and  LC  chromium 
coating  processes  developed  under  6. 1/6.2  programs  were  used  to  plate  105  mm 
and  120  mm  M256  barrels.  On  preliminary  test  firing,  LC  coating  in  120  ram 
M256  showed  much  better  performance  as  compared  with  HC  coating  (very  little 
chipping).  Currently  under  MMT  and  OMA  projects  these  coatings  are  being 
evaluated  by  test  firing,  (e)  Another  Important  advancement  made  is  the 
introduction  of  computer  controlled  microprocessor  technology  in  the  pump  thru 
process  used  for  plating  105  mm  and  120  ram  tubes  at  BWL.  (f)  Of  special 
interest  Is  the  work  reported  by  the  GE  Burlington  on  the  successful  use  of  HC 
chromium  coating-plastic  band  system  for  GAU-8,  with  a  coating  thickness  of  8 
mil.  This  combination  improved  the  life  of  the  tube  by  a  factor  of  three. 
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Of  the  refractory  metals  other  than  chromium,  tantalum  was  the  one  the 
most  extensively  studied*  The  coating  applied  from  a  fused  eutectic  mixture 
of  KF— LlF-NaF  at  800° C,  in  20  mm  liners  was  found  to  give  excellent 
performance  as  compared  with  HC  chromium*  The  process  was  successfully  scaled 
up  to  coat  20  inch  long  105  mm  diameter  liners.  One  of  these  liners  was 
shrink  fitted  In  105  ram  M68  tube,  using  a  specially  designed  and  in-house 
fabricated  facility*  Test  firing  of  this  gun  indicated  not  only  that  the 
design  of  the  liner  was  satisfactory,  but  also  that  insplte  of  the  fact  that 
the  coating  was  not  optimized  (3—4  mil  in  thickness  and  non— uniform) ,  but  also 
it  was  superior  to  5  mil  HC  chromium,  test  fired  under  the  similar  conditions* 
This  wrk  is  expected  to  be  transitioned  to  MMT  in  FY85*  Columblum  coating 
has  also  been  applied  successftilly  in  20  mm  liners*  Fundamental  studies  of 
electrodeposition  of  Ta— Cr  alloys,  electrode  kinetics  of  electrodeposition  of 
chromium  from  both  fused  fluorides  and  low  melting  chloride  eutectic  mixtures 
have  been  made*  In  this  connection  it  is  of  interest  to  note  that  under  a  UK 
sponsored  project  in  Imperial  College,  dense  chromium  coating  of  high  purity 
was  successfully  applied  from  a  fused  salt  bath  at  a  temperature  of  450°C* 
Coating  of  tantalum  and  molybdenum  has  also  been  successfully  applied  in  20  mm 
rifled  liners  by  high  rate  sputtering  and  is  currently  being  evaluated*  In 
this  case  the  substrate  temperature  is  kept  below  300°C  by  water  cooling* 
Although  not  reported  in  these  proceedings,  considerable  progress  has 
been  made  in  developing  the  technology  of  fabrication  of  105  ram  liners  from 
high  temperature  steels  such  as  Pyrotool  V  and  molybdenum  alloys.  Molybdenum 
is  the  only  refractory  metal  available  in  the  country*  It  has  shown  good 
erosion  resistance  in  gun  barrel  environments.  It  is  cheaper  than  other 
refractory  metals,  and  is  therefore  quite  attractive  for  application  as  liner 
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material  In  future  advanced  guns. 

P„U.lnary  o.  the  uee  et  elU=»n  cathlde  Unete  In  0.5  cal 

.Hies  also  Showeo  enconta^ln,  tesnlts.  »,th  is  In  pto.tess  on  the  eoalnatlon 

re  e  silicon  carbide  fiber  reinforced  glasses)  for 
of  other  ceramics  ie.g., 

application  In  small  caliber  high  perlon^nce  guns. 

Prom  the  above  It  Is  evident  that  positive  progress  has  been  mad.  and  In 

a  numbet  of  ceses  6../6.2  »th  baa  been  translated  Into  ml.  however.  »ch 
more  has  to  be  done  to  bring  these  advances  to  fruition.  Onfortnnatel,  for 
rhe  last  two  pears,  because  of  the  overall  shrlnhlng  of  .bO  funds,  a  number  of 
projects  have  to  be  closed  out.  The  remaining  are  also  under  sgueese  because 
While  in  1978-81  gun  tube  erosion  was  bob' a  high  thrust  areas  of  research, 
since  re82  It  Is  being  categorised  as  priority  II.  Conseguently  there 
pnsslblllt,  that  some  of  the  excellent  technical  progress  made  thus  far.  If 

not  brought  to  successful  Implementation,  may  be  lost. 

In  conclusion,  the  following  recommendations  can  be  made. 

,  aa  the  heynote  speaher  maphaslsed.  In  view  of  the  continued  challeuge 
from  the  high  performance  guns  Including  hypervelocity  and  «  guns,  a  steady 
effort  at  a  reasonable  level  be  maintained  In  the  Army  laboratories  to 

develop  base  technology  for  application  In  the  1990' s. 

g.  in  view  of  the  significant  results  obtained  In  the  materials  such  as 

those  in  the  improvement  of  chromium  technology  and  refractory  meta 

In  he  Dlaced  to  further  develop  these  technologies  for 

and  liners,  emphasis  be  placea 

implementation  in  the  near  future. 

3.  Efforts  to  develop  low  eroslvlty  propellants  and  erosion  reducing 
additives  must  be  encouraged. 
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B6C3.1186  of  tll6  Vfirv  h*fcyK  ^ 

g  C  St  of  the  ammunition  and  test  firing  an 

economical  and  reliable  slmni  «  * 

ator  for  evaluating  both  the  materials  and 

propellants  should  be  developed. 

5.  Basic  work  on  understanding  the  mechan1«™«  a  a 

^  mechanisms  and  developing  predictive 

models  should  be  continued. 

f  6.  -  ~he,  .o  ,he  a«,eIop.e«  and  a.slg„ 

L  arrela  rtth  high  eroalon  Ilf.  .hould  b.  a,pl„red. 

7. 

-  laPga  callha.  g„„  ds  aaodher  area  ahlch  regelre,  eaphaala.  VerP  U„le 
progress  has  been  made  so  far, 

8.  Flaaup.  active  coUaheretlon  between  the  three  aervlcee  and  Indnatrg 
^a  Oavelnplng  concepta  and  design  nl  high  .Ight  light  perlnraanc,  gn„a  mrh 

-8  ernalon  111,  .at  contlnne.  dlao.  conrdlnetlon  el  these  ellerta  «th  ear 

allies  should  be  strengthened. 


Iqbal  Ahmad 
Jean-Paul  Picard 
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SESSION  I 


SYMPOSIUM  OVERVIEW 


CHAIRMAN:  Dr,  John  T.  Frasier 


US  ARiyn^  GUN  BARREL  V3EAR  AND  ELDSICN  PROGRAM  -  A  REVIEW 


J.  Lannon 

US  Amy  Armament  Research  and  Developnent  Cormand 
Large  Caliber  Weapon  Systems  Laboratory 
Dover,  New  Jersey  07801 

ABSTRACT 

The  progress  made  under  the  Amy  Gun  Barrel  Wear  and  Erosion  Program  sin^ 

1977  is  reviewed.  The  areas  covered  include  diagnostics,  propellants  and  additives 
and  coatings/liners.  Significant  achievements  in  these  areas  have  potential  for 
application  in  the  conventional  and  future  armament  systems.  In  vi^  of  the  evolv¬ 
ing  concepts  such  as  L.P.  and  E.M.  guns,  continued  funding  for  R&D  in  the  erosion 
control  is  strongly  reccmmended. 


INTRCDUCTION 


In  this  paper  I  would  like  to  review  the  progress  made  under  the  Amy  Gun 
Barrel  Wear  and  Erosion  Program  since  1977.  Following  are  seme  definitions  that 
should  be  kept  in  mind  during  this  discussion: 

Wear  Life  of  Gun  Barrel  -  Is  determined  by  unaccept^le 
ammunition  performance  -  Muzzle  velocity  drop,  precision, 
fuze  malfunction  stripped  rotating  band. 


Fatigue  Life  -  The  number  of  rounds  that  may  be  fired 
before  the  gun  barrel  fails  catastrophically. 


Gun  Barrel  Wear  and  Erosion  —  Physical  and  Chonical  processes 
tn  (enlargement  or  deformation  of  a  gun  barrel. 


A  key  point  is  that  the  wear  life  of  a  gun  barrel  is  not  determined  by  its  enlarge 
ment  at  the  origin  of  rifling.  It  is  determined  by  unacceptable  ammunition  perfor¬ 
mance  such  as  muzzle  velocity  drop,  a  loss  in  precision,  a  malfunction  of  a  romd 
fired  short  of  its  target.  This  lanacceptable  ammui^tion  performance  is  related  to 
the  barrel  enlargement  at  the  origin  of  rifling  v^ich  is  then  established  as  the 
condemnation  criteria.  The  critical  elanents  influencing  gun  barrel  wear  and 
erosion  are  given  in  Table  I.  It  has  been  clearly  demonstrated  that  lower  flame 
temperature  propellants  consisting  of  mainly  nitrate  esters  produce  lower  wear  and 
erosion  and  that  wear  reducing  additives  such  as  Ti02/wax  can  greatly  r^uce  the 
erosion  in  the  gun  barrel.  Mixed  results  have  been  obtained  wi^  rotatina  bands. 

It  is  not  clear  vhether  non-metallic  rotating  bands  reduce  erosion  more  than 
metallic  rotating  bands.  Some  Air  Force  results  with  plastic  vs.  copper  rotating 
bands  in  a  chrome  plated  tube  indicate  the  plastic  to  be  better.  In  steel  tubes, 
plastic  bands  do  not  seem  to  out  perform  the  metallic  bands.  There  has  been 
f leant  progress  in  gun  barrel  lining  and/or  coating  with  erosion  resistant  mater 
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such  as  refractory  materials  in  the  past  few  years,  vdiich  will  be  described  later 
and  viiich  offers  promise  for  erosion  reduction. 

SCOPE  OF  THE  PROGRAM 

The  Amny’s  gun  barrel  wear  and  erosion  program  covered  three  main  areas: 
Mechanisms,  irodell^  and  control.  Table  II  shows  the  agencies  working  on  erosion 
mechanisms,  including  Lawrence  Livermore  National  Laboratory  (LLNL) ,  CALSPAN,  Anry 
Materiel  and  Mechanics  Research  Center  (AMMRC) ,  Large  Caliber  Weapon  Systons  Labor¬ 
atory  (lO^) ,  and  the  Amy  Research  Office,  Durham  (ARO) .  Also  listed  are  those 
working  on  modelling,  erosion  control  especially  platings  and  liners,  on  wear  re¬ 
ducing  additives  and  finally  those  working  on  coating  evaluations.  By  coating  eval¬ 
uation  is  meant  erosion  testing  in  controlled  apparatuses,  not  testing  in  the  gun 
tube. 

STAIUS  OF  EROSIC»^  CONTROL  IN  1977 

The  status  of  wear  and  erosion  control  in  1977  is  summarized  in  Table  III. 

In  propellants,  the  M30  propellant  was  used  with  the  high  zone  8”  and  the  155mm 
M203  propelling  charges.  Diagnostic  techniques  for  predicative  capability  were 
not  well  established.  Ti02/wax  was  used  as  additive  in  high  zone  artillery  charges. 
There  was  a  serious  secondary  wear  problem  in  the  lOSirm  M68  tank  gun  even  though 
the  TiC^/wax  wear  reducing  liner  was  used.  Gun  tube  coatings  were  not  used,  but 
uncharacterized  high  contractile  chrome  was  applied  to  the  chambers  of  artillery 
cannons.  There  was  little  work  in  refractory  coatings  and/or  liners  and  little  pro¬ 
gress  was  made  in  understanding  the  wear  and  erosion  mechanism  since  the  Second 
World  War.  Table  IV  shows  the  barrel  life  of  guns  as  established  in  1977.  In  the 
M68  tank  gun,  the  wear  life  was  750  rounds  because  of  secondary  wear,  and  the  fati¬ 
gue  life  was  1000  rounds.  The  barrel  wear  life  in  the  155mm  M198  Howitzer  System 
was  1750  rotonds  effective  full  charge  (EFC)  with  a  fatigue  life  of  11,000  rounds 
and  the  barrel  wear  life  in  the  8"  M201  cannon  was  1500  EFC  with  about  a  10,000 
rounds  fatigue  life. 

PROGRESS  SINCE  1977 

Diagnostic  Techniques: 

Seme  of  the  diagnostic  techniques  developed  and  tested  over  the  past  few  years 
will  now  be  discussed.  Figure  1  demonstrates  the  technique  used  to  install  therrro- 
couples  into  the  gun  barrel  wall.  The  thermocouples  are  placed  into  the  wall  about 
1mm  frem  the  surface  at  various  distances  from  the  rear  face  of  the  tube  with  at 
least  one  s^sor  near  the  origin  of  rifling.  Fran  these  measurements,  the  total 
heat  input  into  the  gun  barrel  at  each  sensor  location  can  be  calculated.  This 
technique  is  especially  valuable  for  comparing  types,  quantities  and  geometric 
arrangements  of  wear  reducing  additives  within  the  propelling  charge.  It  has  been 
successfully  used  in  both  artillery  and  tank  ammunition.  Figure  2  danonstrates 
hew  the  erosion  sensor  is  placed  into  the  gun  barrel.  This  erosion  sensor  can  be 
placed  in  the  lands  and/or  the  grooves  of  tank  artillery  barrels.  Figure  3  shows 
the  geometric  configuration  of  a  typical  knoop  impression  on  the  sensor  face.  Only 
the  change  in  length  of  knoop  inpression  on  the  sensing  face  need  to  be  measured 
since  there  is  a  constant  ratio  between  the  length  and  depth  and  the  depth  can 
easily  be  calculated.  A  Scanning  Electron  Microscope  (SEM)  is  used  to  measure  this 
length  before  firing  and  after  a  predete2nnined  number  of  rounds  (usually  5-10 
rounds)  and  the  results  averaged  to  yield  a  measurement  value  per  shot.  Figure  4 
gives  more  insight  into  what  the  erosion  sensor  surface  looks  like.  Here  we 
observe  the  surface  of  two  erosion  sensors. 
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The  one  on  the  left  i^ows  an  erosion  sensor  before  firing  and  after  firing  in^vhich 
the  propelling  charge  contained  no  wear  reducing  additive.  This  was  an  M188  8”  pro¬ 
pelling  charge,  Zone  9.  The  one  on  the  right  shows  the  surface  before  firing  and 
after  firing  in  vhich  the  propelling  charge  contained  TiC)2/wax  wear  reducing  addi¬ 
tive.  It  is  clear  that  the  propelling  charge  without  the  wear  reducing  additive 
removed  all  the  knoop  impressions  on  the  erosion  sensor,  meaning  that  ttis  propell- 
ing  charge  is  highly  erosive.  In  ccrrparison  after  firi^,  the  propelling  charge  with 
the  TiCb/wax  wear  reducing  additive,  some  of  the  ]<noop  impression  on  the  erosion  sen¬ 
sors  can  still  be  chserved,  especially  the  more  deeply  imprinted  ones.  Fran  the 
deeper  knoop  impressions  the  erosion  was  n>easured  as  about  .02  mils  per  ^ot. 


A  radiation  technique  was  developed  by  Dr.  Ancty  Niiler  of  the  Ballistic  Research 
Laboratory  (BRL) .  With  this  technique  the  gun  barrel  surface  is  irradiated  with  a 
proton  source,  converting  the  iron  in  the  steel  fron  a  non-radioactive  isotope  to 
one  radioactive  emitting  gamma  rays.  The  gamma  rays  emitted  from  the  gun  barrel  sur 
face  are  measured  both  before  and  after  each  ^ot.  Fran  the  difference  m  gamma 
rays,  the  amount  of  erosion  in  the  gun  barrel  can  be  determined.  The  disadvantage 
of  this  technique  is  that  it  is  extremely  slow.  It  can  take  15-30  minutes  to  get 
sufficient  gamma  ray  counts  to  obtain  an  accurate  reading,  but  an  accurate  measure¬ 
ment  of  the  erosion  per  shot  can  be  obtained.  The  disadvantage  of  the  knoop  tech 
nique  is  that  it  must  be  used  over  a  series  of  shots.  The  numiber  of  ^ots 
anwhere  from  5  to  10  rounds  and  the  amount  eroded  per  shot  is  then  calculated  by 
taking  the  total  amount  of  erosion  observed  in  all  shots  and  dividing  by  total  num 
ber  of  shots.  This  does  not  tell  us  how  inuch  erosion  occurs  in  ^ch  shot.  Figvure  b 
shows  a  plot  catparing  the  wear  measured  by  the  knoop  and  radiation  tecim^^es 
sured  during  the  firing  of  one  ten  round  series  of  a  wear  test  with  the  ip03  propel 
linq  charge.  This  shows  that  the  difference  between  the  two  teclmiques  is  not  great. 
Please  note  that  in  measurement  #1  of  Figure  5,  part  of  the  erosion  sen^r  ^s 
chipped  away  and  this  probably  caused  the  large  difference  between  the  ^  t^h 
nioues  Table  V  summarizes  the  amount  of  erosion  measured  by  the  radiation  teen- 
niSe  for  each  shot  over  a  series  of  ten  shots.  It  clearly  sh^  that  the  amomt  of 
erosion  for  each  ^ot  is  not  the  same.  In  fact,  there  is  a  wide  variation  in 
amount  of  erosion  among  shots.  However,  if  one  averages  the  erosion  over  ten  shots 
for  the  radiation  technique  and  computes  the  same  average  using 

technique,  the  two  techniques  compare  well.  This  gives  same  msight  to  the  mech^ 
ism  of  wear  and  erosion  in  gun  barrels.  There  sea^  to  be  no  erosion  tor 
shots  and  then  a  large  amount  of  erosion  occurs  and  then  this  cycle  seems  to  re^ 
itself.  This  does  not  always  occur  in  a  regular  pattern  but  it  appears  that  a  layer 
buildup  inust  happen  before  erosion  occurs* 

The  above  described  diagnostic  techniques  offer  a  substantial  cost  sayings. 

For  example,  in  1979,  for  artillery  applications,  projected  cost  to  ^aluate  a  given 

wear  reducing  additive  configuration  was  about  $170,000.  This  :mcludes  the 

of  about  200  rounds.  Two  hundred  rounds  were  picked  because  this  is  the  numiber  of 

rounds  needed  to  be  fired  to  get  an  accurate  measurement  of  the  w^r 

the  origin  of  rifling  with  a  standard  star  gauge.  The  cost  of  using  therm^  and 

erosion  sensors  is  only  atout  $10K  per  test.  During  this  f^^^l  y^r  ^  ^ J 

lery  systems  about  35  different  configurations  were  ^aluated 

cSt  avoidance  of  over  5.6  million  dollars  for  artillery  syste^  f t  ^hSs 

avoidance  of  3.8  million  dollars  was  realized  for  the  tank  systems  in  ^^9.  Thus 
wear  reducing  additives  can  now  be  optimized  in  all  new  propelling  charges  a  ry 

low  cost. 
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Propelling  Charges; 


The  properties  of  the  charge  contributing  to  the  gun  barrel  wear  and  erosion, 
are  the  flame  tenperature,  the  charge  weight  and  the  rate  of  heat  input  to  the  bar¬ 
rel.  It  is  a  much  more  erosive  condition  to  put  a  large  amount  of  heat  quickly  in¬ 
to  the  gun  barrel  than  to  put  the  same  amount  of  heat  slcwly  into  the  gun  barrel. 
Higher  pressures,  of  course,  mean  more  molecular  collisions  with  the  gun  barrel 
walls  and  consequently  more  heat  transfer.  Higher  rates  of  fire  tend  to  raise  the 
ambient  temperature  of  the  gun  barrel,  thus  allowing  the  barrel  wall  temperature 
to  reach  its  melting  point  (or  a  very  erosive  condition)  easier.  Table  VI  shows 
seme  of  the  mprovonents  in  gun  barrel  wear  life  due  to  changes  in  propellant 
charge.  One  of  the  biggest  achievonents  was  in  8”  artillery.  A  switch  from  M30A2 
to  M31A1  propellant  in  the  M188  propelling  charge  more  than  doubled  the  wear  life. 
In  the  ISSitm  artillery  system,  it  was  shown  that  the  M119  base  ignited  propelling 
charge  was  equal  to  or  better  in  wear  than  the  center  core  ignited  Mil 9  propelling 
charge.  In  the  lOSitm  M724  tank  round  it  was  demonstrated  that  the  Ti02/wax  wear 
reducing  liner  was  not  necessary. 

Figure  6  shows  the  8”  propelling  charge  containing  the  M30A2  propellant.  The 
TiC^/wax  wear  reducing  liner  is  used  in  both  the  Zone  8  and  Zone  9  parts  of  the 
^88  propelling  charge.  This  propelling  charge  left  residue  in  the  chamber  after 
firing,  ^e  new  8”  propelling  charge  is  ^own  in  Figure  7.  Here  the  wear  reduc¬ 
ing  additive  is  used  in  only  the  Zone  9  part  of  the  propelling  charge  because  of 
the  use  of  the  cooler  M31A1  propellant.  This  decision  was  based  solely  on  the 
heat  input  data  obtained  using  our  new  diagnostic  techniques.  The  decision  was 
later  confirmed  in  a  limited  wear  test.  Table  VII  gives  a  comparison  of  the  heat 
input  data  of  the  8”  propelling  charge  containing  the  M30A2  and  the  M31A1  propel¬ 
lant.  Comparing  the  two  propelling  charges  at  Zone  8,  it  can  be  seen  that  a  reduc¬ 
tion  occurs  in  heat  input  with  a  corresponding  increase  in  wear  life  for  the  M31A1 
propellant,  and  the  same  can  be  observed  for  the  Zone  9  part  of  the  charge.  Sonr^e 
^idea  of  the  cost  savings  realized  in  terms  of  FY80  dollars  in  the  8”  system  as  a 
result  of  switching  to  cooler  propellants  can  be  had  fiom  the  estimate  that  only 
^  the  current  production  quantity  of  tubes  would  be  required.  This  would  mean  a 
saving  of  about  8 . 7  million  dollars  for  this  year  alone . 

Figure  8  shows  a  picture  of  a  current,  fielded  M203  propelling  charge  con¬ 
taining  M30A1  granular  propellant.  M31A1  granular  propellant  cannot  be  substituted 
for  M30A1  granular  propellant  in  this  charge  because  there  is  not  enough  room  in 
the  gun  chamber  if  the  loading  density  is  to  be  kept  at  0.65  Ibs./cu  inch  or  less. 
This  loading  density  is  re(^ired  to  prevent  ignition  problanas  with  granular  charges. 
Table  VIII  shows  the  heat  inputs  and  total  rounds  fired  for  the  M203  propelling 
charge  containing  the  TiC)2/wax  wear  reducing  liner  with  the  usual  lower  melting 
^int  wax  (71®C)  and  that  containing  the  new  Ti02/wax  wear  reducing  liner  contain¬ 
ing  a  higher  melting  point  wax  (96°C) .  Table  IX  gives  possible  reasons  for  the 
superior  function  of  synthetic  wax.  The  melting  point  of  a  wax  is  not  a  true 

melting  point.  Wax  is  a  mixture  of  polymers  of  different  chain  lengths.  It  does 
not  have  a  sharply  defined  melting  point.  It  has  a  range  of  melting  point  depend- 
ing  upon  the  distribution  of  polymers  contained  within  the  wax.  The  heat  input 
c3ata  indicates  that  if  the  wax  is  softened  by  tenperature  conditioning  or  by  con¬ 
tact  with  the  hot  gun  barrel  walls,  it  does  not  reduce  the  heat  input  to  the  barrel 
as  much  as  it  would  if  it  remained  hard  and  brittle.  If  the  wear  reducing  additive 
does  not  function  properly,  residue  may  occur  as  it  did  in  the  M2 03  charge.  So  the  wax 
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Refractory  Metal  Coatings  and  Liners 


:  S#^#SSS€5H£?iSS“.- 
sis  1%SS S  S 

SS'dI^ST^  ^  ^  5un  v^ere  it  was  shown  that  par- 

perfontiance  to  the  steel  barrel  but  that  full^ 

te?to  ^  contractile  chrane  was  decnonstra- 

?i4-S  T?n^^  ?  ^  TOnventional  high  contractile  chrane.  It  is  now  beina  tested 

jSini^^Sd  Sto  !  ^rn!fS  ^  S-  ^  successfully  , 

-  single  Sot^  gun  and  has  survived  1000  firings  in  a  J 

The  main  requirements  of  materials  for  coating  and  lining  gun  barrels  include 
strength  at  high  temperature,  elastic  modSus  fracture  touqh- 
itut  S  strength,  hot  hardness,  chonical  inertness  to  powder  gas2yi^?fiS- 

rSJtSa^^S??r:i  «^™^-tivity,  specific  heatr^ert^ess  ^  S;e 

cW?  mat^ial,  phase  transition,  ease  of  fabricability  and  cost.  Figure 

numbers  in  a  20[rm  test  of  low  contracSle 

contractile  chrane  out- 

^  contractile  chrane  by  at  least  a  factor  of  2.  In  Figure  13  we 
S  t  ^  ^  test  of  steel  liners  coated  with  high  contraSle 

by  about  a'?acto?^if  liners  outperformed  the  high  contractile  chrane 

y  about  a  factor  of  2.  This  indicates  that  the  tantalum  and  the  low  contractile 

-si^eration  1.  ft..ure 

test  fn  2l?oh^  beginning  with  Figure  14,  the  ISSirm  tube  wear 

seSp?^  h  compared  with  a  steel  barrel  will  be  pre- 

chrcme  plated  barrels  in  two  separate  tests  outperformed  the  steel 

o'^^^in  of  rifling  from  a  star  gauge  report  is  the  only 
teria  of  a  mi*  K  ^  ^C3<lcr  is  renunded  of  the  definition  of  the  condemnation  cri- 
fuSfioL  aS^^  Condemnation  criteria  is  determined  from  aitmunition  nel- 

recw^S  rounds.  Figure  15  shows  155mm  projectiles 

recoverS  afS^  ^  Figure  16  shews  155rtm  projectiles 

atout  Sn?  ^  ^  ^  tubes  had  previously  fired 

^feiarwS  projectiles  fired  and  recovered  from  the  ste^l  tube 

graved  normally.  Those  fired  and  recovered  frati  tiie  chrome  tube  have  less 
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must  be  brittle  enou<^  to  break  up  in  order  to  function  properly  in  the  we^ 
inq  additive-  The  higher  melting  wax  contains  a  distribution  of  polymers  that  teve 
iShJfS^JAg  points  and  thus  ii  will  not  soften  as  easily  at  tte  hxgher  operating 
gun  tetrperatures  as  does  the  previously  used  lower  melting  point  wax. 

The  present  M198  gun  tube  has  a  wear  life  of  1750  rounds  ETC.  This  is  ba^ 
on  firing  the  M203  propelling  charge  (EFC=1)  using  M30A1  granular  propellan  • 
wear  lifi  goal  for  the  M203  propelling  charge  is  2600  ETC. 

oroaram  (PIP)  is  currently  being  worked  on  to  achieve  this.  In  this  cha^e,  a  cool 

L^ropellant,  M31A1,  similar  to  that  used  in  the  8"  propelling  ch^ge  will 

in  stick  form,  not  granular.  A  combustible  case  contain!^  8-10%  talc  will  also  aid 

in  reducing  the  gun  barrel  erosion,  and  evaluation  early  in  the  developm^t  ^c  e  i 

planned.  The  new  proposed  product  iitproved  M203  propell^g 

Figure  9.  This  propelling  charge  uses  M31AL  stick  propellant,  a  co^ust^le 

containing  talc  but  no  Tip2/wax  wear  reducing  liner  and  contains  only  a  base  igniter. 

sane  wear  reducing  liners  used  in  tank  ammunition  mil 
t^nk  rounds  namely  M724A1  and  M490  show  in  Figure  10  and  11,  will  first  rie  aes 

W24W  originally  cx>ntalnea  a  TiOj/wax  «ear  laductog  ^  «0 

Ltar  Ml!  a  JL  cooler  propelSnt  r^S^d^SrS^- 

iDuS  was  never  tested  to  determine  if  the  we^  rc^ 

bly  because  no  diagnostic  techniques  were  availab  e).  svstems  The  M490, 

1-hat  simulates  the  M392  kinetic  energy  round  in  the  105mm  tank  systems. 

SS  t?SS??omd  for  the  M456  HEAT  round,  contains  M30  granular  . 

to- 

inmt  to  the  gun^barrel  than  the  round  containing  the  M30  propellant  and  the  w 

a^lSie  S  gat  !Strth“^  KlSS^wiSTtg 

M«aa-r  raducina  liner.  Previous  firings  demonstrated  that  heat  inputs 

for  an  M490  round  which  had  one  M724  round  without  wear  reducing  a^rtive  f 

SJoS  to  ^sifiied  an  M490  routo  proceeded  by  two  M724  rounds  “>3  ^dto  an 

pgcSed  by  three  M724  rounds.  These  too  “  «Sig^^  SS 

M490  preceded  by  one  K724.  This  series  of 

erosion  in  the  M724  round.  The  date  ^c«s  gt  tonSln  a 

"rTeSuti^t^f  Tstfr  s^SL?^^  Sobl«. 

s  --r-«rSbStr  sg  j 

liner  fron  the  M724  round  will  not  have  an  adverse  aff 
the  tank  gun. 
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i“  f^S:  S^"5 

chedcing  nor  rounding  of  ^e  l^ds  lands  and  considerable  wear 

after  about  1500  rounds  after  the  same  nurtber 

in  the  ^  ba^  h^  o^ed.  cheddjig  is  beglnnihg  to 

of  rounds.  At  tne  orxgxn  oj_  ixi-xo^y,  v-i-Fi-irirr  Hit  at  the  cxxnmenceinent  of 

appear.  Bie  barrel  l^s  9^^^^  the  ^rgin  evident. 

riflleg  «here  the  lands  r^ch  fvil  L"^SS  ^  of  the  excess  wear  on 

This  necking  down  of  the  lands  is  b^ieved  p  +-his  tube  there  would  even- 

the  rotating  bands.  If  enough  raunds  were  riflina  The  ^necking  down  starts 

tually  be  a  hole  occurring  at  the  ^  plat- 

vhen  the  projectile  the  rifling  ^oughti^^ch^P^^^Y 

ing  from  the  edge  of  the  lands,  leaving  tte  away  the  steel  fas- 

SSane  still  on  the  top  of  the  lands,  S  the  lands. 

ter  than  the  chrotie,  ^  ^  hiah  torSonal  iirpulse,  indicating 

This  condition  has  also  been  shewn  to  l^d  cause  ser- 

a  projectile  free  run  in  the  tube  and  this  fSler,  and 

ious  ammunition  malfunctions  in  tte  fS^a  chrome  gun  tube 

Si S4?gSnn>^-o/^ 
rr  lf4^! SrSrfec^ed  ^r 

field  use. 

future  trends 

All  high  perfonnanoe  M^^iSa^^Sd^Sis^in”'’ 

increased  rates  of  <“®  “  prSlsiS  or  eleotronagnetio  propulsion  are 

conventional  systems.  If  ^  ^  J-i ef,=rf:^nt  wear  patterns  than  are  presently 

S  Sf  l»  ^SlferTs?-- ‘^"Sieved 

SI  a%S- to  ii^Sle^Sfe  SS^oftol  llS's^^^tos  been  iaitiatol. 

CONCLUSIONS 

Significant  progress  and  cost  savyigs  have  ^ese  have  been  applied 

measurement  techniques  and  reduction  ^  ^  been  made  which  may  be 

to  existing  systems  while  other  technol^ical  a^^ce^v^  technology 

applicable  to  future  systems.  S^liquid  and  electromagnetic 

™y"lu^flS\S'w^'ana  erosion  problans  which  ney  require  Increased 
funding  to  solve. 
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table  I.  CRITICAL  Fr.EMEWTS  INFLUENCING  WEAR  AND  EROSION 


)  Propellants  Low  flame  temperature 

Liquid  propellants 

Consolidated 

Nitramines 

Vfear  Reducing  Additives  Talc,  Ti02,  Ot±ier 

Ablatives 

Improved  configuration 

Rotating  Bands  Non-^netallic 

Improved  design 
Other  metals 

Platings/Liners  Fixed 

Replaceable 
Coating  optimization 
New  techniques 


TABLE  II .  ARMy  GUN  BARREL  WEAR  AND  EROSICN  PRQGEg^ 


Mechanisms 

Modeling 

Control 

LLNL 

LLNL 

Wear  reducing  additive 

CALSPAN 

BRL 

CALSPAN 

AMMRC 

ARD 

LCAL 

LCAL 

LCAL 

BRL 

MO 

SCAL 

ARO 

Coating  Evaluation 

LCAL 

BRL 

1-9 


TABLE  III.  STATUS  OF  WEAR  AND  EEOSIO^  COMTROL  IN  1977 


Propellants  - 

Diagnostic  techniques 
Additives  - 

Gun  tube  coatings  - 
Gun  Tube  liners  - 
Mechanisms  - 


M30  propellant  used  with  high  zone  8"  propelling 
charge  and  XM201  and  XM203  propelling  charges. 

Predicative  capability  not  well  established. 

T1O2  wax  used  in  high  zone  artillery  charges, 
secondary  wear  in  the  lOSmtn  M68  with  Ti02/wax. 

Uncharacterized  H.C.  chrcme  applied  in  chamber. 

No  work 

Little  progress 


TABLE  IV.  BARREL  LIFE  OF  GUNS 


Gun  Barrel 

Wear  Life  (Rds) 

Fatigue  Life 

M68  (lOSnm) 

750  Rds 

1000  Rds 

M185  (155ram) 

7500  Rds 

5000  Rds 

M199  (155mm) 

1700  Rds 

11000  Rds 

M201  (8") 

1500  Rds 

10000  Rds 
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TABLE  V.  AVERAGE  ERDSICN  MEASURED  FRCM  OlANGES  IN  RADIATICN  CXXJNTS  FBC»I  THE 
- SENSOR  paces  (microns) 


SHOT  # 

SENSOR?  1 

SENSOI^  2 

SENSORp 

1 

0.60 

0.0 

0.0 

2 

1.91 

0.31 

0.31 

3 

0.11 

1.72 

0.05 

4 

1.03 

0.23 

0.31 

5 

0.05 

0.90 

-0.29 

6 

3.21 

0.41 

0.25 

7 

0.25 

1.32 

0.10 

8 

0.07 

1.12 

0.08 

9 

2.06 

0.32 

0.11 

10 

0.28 

0.03 

0.50 
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0.957 

0.636 

0.126 

a  -  Located  at 

1.06  meters  rft 

b  -  Located  at  1.09  meters  rft 

c  -  Located  at 

1.65  meters  rft 

_^LE  VI.  IMPROVEMENTS  IN  WEAR  LIFE  DUE  TO  CHANGES  IN  PROPELLING  CHARGES 


8"  ARTILLERY 

Switch  froti  M30A2  to  M31A1  doubled  the  wear  life. 

155MM  ARTTT.T.ERY 

M^tese  ignited  charge  equal  to  or  better  than  center  core  ignited 

Wax  in  Ti^/wax  wear  reducing  additive  in  M203  functions  better  with 
high  melting  wax  at  145°F. 

105MM  TANK 

TiO^/wax  reducing  additive  is  not  necessary  in  the  M724  training  round. 
Optimization  of  wear  reducing  additive  in  KE  rounds. 

geonetry  reduces  wear  in  the  spin  stabilized 


TABLE  VII.  HEAT  INPUT  AT  ORIGIN  OF  RIFLING  FOR  8” 

DESCRIPTION  AVE  HEAT  INPUT  (J/iy^  X  10“4) 

M188  El,  Standard  Liner, 

2Ione  8,  M30A2  Propellant  202 

M188  E2,  Standard  Liner, 

Zone  9,  M30A2  Propellant  215 

M188  Al,  No  liner. 

Zone  8  M31A1  Propellant  187 

M188  Al,  Liner  only  in 

Zone  9,  M3IA1  Propellant  168 


WEAR  LIFE  (RDS) 


3000* 


*Estimated  values  based  on  firing  250  rounds. 
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TABLE  VTII.  HEAT  INPUT  AND  ROUNDS 

FIRED  BEFORE  OCMDEMNATiaNf  WITH  THE  M203 

3  CHARGE 

CHAF^GEj 

HEAT  INPUT 

(BTU/ET^) 

TOTAL  RDS  BEFORE 
CXM)BMNATiaSI 

M203  IND-78J-69806 

99.6+7 

(7) 

1750 

M203  CHARGE  WITH  HIGH 
MELTnrc  POINT  WAX 

97.8+7 

(7) 

1750 

TABLE  IX.  TiQ^AgOC  IN  M203  PROPELLING  CmPGE 


PETROLEUM  BY  PROXICT  V3AX  SOFTENS  OVER  A  BROAD  RANGE  OF  TEMPERATURE  DUE 
TO  DISTRIBUnON  OF  MOLECULAR  WEIGHTS. 

IF  WAX  SOFTENS  DUE  TO  HIGH  TEMPERAIURE  CCM)ITIC»JS,  WEAR  ADDITIVE  DOES 
'j  NOT  FUNCTION  PROPERLY  AND  RESIDUE  MAY  OCCUR. 

HIGHER  MELTING  POUTT  SYNIHETIC  WAX  DOES  NOT  LEAVE  RESIDUE  IN  CHARGE 
CCNDITICNED  TO  145°F  AND  AEOITIVE  EUNCTICNS  PROPERLY. 

WAX  MJST  BE  BRITTLE  ENOUGH  TO  BREAK  UP  IN  ORDER  TO  FUNCTICN  PROPERLY 
IN  TiC^/vjAX  WEAR  REDUCING  ADDITIVE. 


\ 
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TABLE  X.  TEST  RESULTS  (ECP  ALT  8701) 


TYPE  RD 

NUMBER 

FIRED 

ORIGIN 
GROOVE 
(25"  RFT) 

M724A1  (STD) 

8 

60.5+5.5 

M724A1  W/0 

LINER 

8 

64.7+3.7 

M724  W  M30 

10 

74.1+6.8 

M490 

8 

86.0+3.7 

M490/M724A1  STD  10/10 
(ALTERNATE  FIRING) 

87.7+5.5 

M490/M724A1  W/O 

12/12 

83.1+6.1 

LINER  (ALTERNATE 
FIRING) 


MINIMUM 
GROOVE 
(26. 5  "RFT) 

SECONDARY 
GROOVE 
(35"  RFT) 

SBOONDARY 

LAND 

(35"  RET) 

58.1+3.5 

57.6+5.7 

55.0+4.3 

62.5+2.5 

65.1+2.3 

58.9+2.2 

70.5+6.0 

65.6+4.3 

61.6+4.3 

83.0+2.7 

94.4+2.4 

87 • 9+2  *  6 

83.0+4.3 

93.3+4.9 

87.2+5.1 

82.1+4.6 

91.9+4.4 

86 . 6+3 • 0 

) 
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TABLE  XI.  AVERAGE  BARREL  LIFE  RESULTS  -  7.62M1 


) 

Propellant 
_ _ 

Single  Base 
Extruded 


EXxible  Base 
Extruded 


Double  Base 
Ball 


) 


Wear  Reducing 
Agent 

% 

Nature  of 
Distribution 

Bullet 

Jacket 

Average  Barrel 
Life  (rounds) 

acs 

7,750 

MdOj 

0.45 

Incorporated 

GM3S 

10,417 

Talc 

0.68 

Incorporated 

GMCS 

8,458 

CaC»5 

0.52 

Incorporated 

GMZS 

15,750 

- 

- 

- 

GM3S 

6,333 

MOC^ 

1.05 

Incorporated 

acs 

8,625 

Ca003 

0.37 

Incorporated 

QCS 

19,125 

CaG03 

0.15 

Incorporated 

GMCS 

10,417 

CaOO^ 

0.57 

Incorporated 

GM 

18,042 

CaOO^ 

0.46 

Incorporated 

GM3S 

13,342 

CaOOj 

0.80 

Coated 

GMCS 

29,488 

CaOO^ 

0.50 

Coated 

GMCS 

21,508 
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TABLE  XII.  CQATINGS/LINER 


CHRCME 

FIEEDED  IN  8”  HOWITZER  SYSTEM 

TESTED  IN  155^M  HOWITZER  SYSTEM  BUT  NOT  RECOMMENDED  EXOR  FIELD  USE 

TESTED  IN  105MM  TANK  SYSTEM.  IT  SHOWED  PARTIAL  PLATING  (40")  WAS 
SUPERIOR  TO  STEEL  BARREL. 

L.C.  CHROME  WAS  SUPERIOR  TO  CONVENTIONAL  H.C.  CHROME  IN  20MM  BARREL 
NOW  BEING  TESTED  IN  120MM  SYSTEM  AND  PROPOSED  FOR  THE  155MM  SYSTEM. 


TANTALUM 

COATED  LINERS  SUPERIOR  TO  H.C.  CHRCME  AND  STEEL  IN  20MM  TESTING 
SHRUNK  FIT  INTO  105MM  M68  TANK  CANNON  WITH  LIMITED  FIRINGS. 


CERAMICS 

Sic  SUCOESSFULLY  TESTED  IN  0.50  CALIBER  MACHINE  GUN  IN  THE  SINGLE 
SHOT  MCDE. 


TABLE  XIII. 

BARREL  LIFE  OF  GUNS 

GUN  BARREL 

WEAR  LIFE  (RDS) 

FATI(3IE  LIFE 

M68  {105MM) 

1000  RDS 

1000  RDS 

M185{155MM) 

7500  RDS 

5000  RDS 

M199  (155MM) 

2600  RDS 

11000  RDS 

M201  (8") 

3000  RDS 

10000  RDS 

M256  (120MM) 

400  RDS 

1800  RDS 
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VIEW  NORMAL  TO  SURFACE 


CROSS  SECTION  VIEW 

ORIGINAL 

SURFACE 


SURFACE 

RECESSION 


Figure  3  -  Knoop  inicrohardness  indenter  cxonfiguration. 

In  practice  actual  length  of  indentation  is 
10-400  microns. 


NO  ADDITIVE 


Figure  4  -  Typical  indentations  in  8*'  Howitzer  before 
and  after  one  round;  left  without  additive, 
right  with  additive. 
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Figure  6  -  8"  Propelling  charge  {M188E1)  containing  M30A2 
Propellant. 
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48  LBS 

M31A1  PROPELLANT 


Figure  7 


New  8"  propelling  charge  (M188A1)  with  M31A1  propellant 
Additive  is  needed  only  in  zone  9  part  of  charge. 


BASE 

IGNITER  PAD 
1  OZ.  CLASS  I 
BLACK 
-POWDER 


RESIN  IMPREGNATED. 
CLOTH. VISCOSE-RAYON 
-  CLASS  2  6.50Z./YD^ 


'  ,  26.0  LBS 

PROPELLANT.  M30A1 
.078  MP  WEB  IHB0> 


FLASH 
REDUCER 
16  OZ. 
POTASSIUM 
SULFATE 


VlUBE  IGNITER 
MOlOtD  NITROCELlUtOSt 
t‘lMAXODX78  lONC 


'  LEAD  FOIL  5.5  OZ. 
DECOPPERING  AGENT 


O  .'WAX  17  5  OZ 
WEAR  REDUCING  ADDITIVE 


Figure  8  -  Currently  fielded  ISSirni  jyi203  propelling  charge. 


-IGNITER  ASSEMBLY 


COMBUBHBU 

, - uARfTmOQE  CASE 

(VWEAR  ADDITIVE  IMCLUDH)! 


3  OZ  CBI. 

'l/Z  OZ  BLACK  POWDER 


-BASE  CAP 


_ FOIL  SB  OZ 

IDECOPPERINO  AGENT) 


diameter  B3B0  IN  (MAX) 
length  3IL2B0  IN  (MAX) 


Figure  9  -  New  proposed  M203  (zone  8)  propelling  charge,  vdiich 
will  use  stick  propellant  and  ccitibustible  cartridge 
containing  talc. 


■  Ml  1 9B1  cartridge  CASE 


CENTERING  BAND- 
BASE- 


-M1  PROPELLANT 


Figure  10  -  (Cartridge,  lOSinm  TPDS-T,  M724A1 
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WEAR  (MILS) 


'SO” 


/ 


I' 


SO 


Figure  16  -  155™  projectile  recovered  after  being  rirec, 
frOT  chrume  pJated  tube,  (after  1,500  rds) 
Notice  Vjsear  of  the  rotating  band. 


Fiqure  17  -  Showing  heat  checking  in  an  unplated  155nin  M199 
tube  after  200  rounds. 


Figure  18  -  Showing  O.R.  area  of  a  chrcmium  plated  155inm 
M199  tube  after  200  rounds. 
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Figure  19  Showing  the  O.R.  area  of  unplated  155mm  M199  tube 
after  1,500  rounds. 


Figure  20  Showing  O.R.  area  of  a  chrane  plated  155nni  M199 
tube  after  1,500  rounds. 
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THE  OPERATICNAL  IMPACT  OF  NAVAL  GUN  EROSION 


1 


J.  S.  O'Brasky 

Naval  Surface  Weapcxis  Center 
Dahlgren,  Virginia 


ABSTRACT 

An  overview  is  presented  of  the  role  of  the  gun  within  the  Navy  and  of  the 
operational  inpact  of  Naval  gun  erosion.  A  short  review  of  the  present  status 
of  naval  gun  tube  erosion  investigative  activity  is  also  provided. 

CAVEAT 


This  paper  constitutes  the  author's  opinion  oonceming  the  subject  matter 
discussed  and  cannot  be  construed  to  represent  the  official  position  of  the 
Department  of  the  Navy  or  any  other  government  activity. 


J 
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INTIOXJCTION 


Any  attempt  to  assess  the  impact  of  gun  erosion  on  naval  operations  must 
consider  the  following: 

1.  Ihe  Navy  mission  and  warfare  areas. 

2.  The  Naval  force  structure. 

3.  Hie  Naval  gunnery  roles. 

4.  Generic  operational  scenarioes. 

5.  Logistics. 

Each  of  these  elements  generates  a  technical  etfhasis  v^ich  is  peculiar  to 
the  naval  application. 


THE  NAVY  MISSICN  AND  WARFARE  AREAS 


The  U.  S.  Navy's  missicxi  as  established  by  Title  X,  U.  S.  Code.  "The  Navy 
shall  be  organized,  trained  and  equipped  primarily  for  prompt  and  sustained 
oombat  incident  to  operations  at  sea.  The  Marine  Corps  shall  be  organized, 
trained,  and  equipped  to  provide  fleet  marine  forces  of  combined  arras,  together 
with  supporting  air  components,  for  service  with  the  fleet  in  the  seizure  or 
defense  of  advanced  naval  bases  and  for  the  conduct  of  such  land  op>erations  as 
may  be  essential  to  the  prosecution  of  a  naval  campaign."  (Reference  1). 

For  the  purposes  of  developing  platforms  and  weapxxis,  the  U.  S.  Navy  has 
defined  warfare  areas.  The  warfare  areas  v^idi  apply  to  the  surface  fleet  are 
the  following: 

1.  Anti-air  warfare  (AAW) 

2.  Anti-Sut»narine  Warfare  (ASW) 

3.  Anti-Surface  Warfare  (ASUW) 

4.  Amphibious  Warfare  (AMW) 

As  might  be  imagined  a  variety  of  different  platforms  might  support  each 
warfare  area.  For  example,  aircraft,  surface  ships,  and  submarines  are  all 
employed  as  sensor  and  weapon  platforras  in  anti-submarine  warfare.  The 
technology  and  technical  problems  thus  would  be  shared  by  all  platforms.  Hie 
net  effect  is  to  create  within  the  Navy  an  anti-submarine  warfare  community 
with  its  own  set  of  viewpoints,  skills,  and  operating  procedures.  These 
warfare  area  communities  have  a  decisive  inpac±  on  selection  of  technical 
approaches  and  resource  allocation.  The  newest  and  weakest  dencmination 
is  the  ASUW  ooimiunity.  Each  naval  surface  combatant  ship  has  some  competence 
in  each  warfare  area. 
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THE  NAVAL  FORCE  STRUCTURE 


In  Fiscal  Year  1982,  the  U.  S.  Navy  operated  199  surface  combatant  sMps. 
(Reference  2.)  These  ships  supported  274  immediate  caliber  gun  ^ 

Naw  is  in  the  midst  of  a  force  structure  build-up  leading  to  a  600  ship  N^. 
In^990,  the  planned  surface  oontoatant  inventory  objective  is  2^ 

248  ships  will  mount  406  intermediate  and  major  caliber  guns.  The  details 
oftoesrs^iuctures  are  contained  in  Table  I  with  dat^en  from  References  3  and 

4.  In  addition,  almost  every  naval  ship  will  be  equipped  defense 

close-in  weapons  system  (CIWS).  -nie  CIWS  is  a  dose  range,  last  ditch  air  defense 

systan  optimized  against  cruise  missiles. 

The  specific  point  of  this  discussion  is  that  the  Navy  must  ex^ute  its  missiOTi 
with  a  relatively  small  number  of  gun  weapons  systems.  The  406  Navy  medium 
SilS  ^  barrels  stanl  in  ^  contr^t  to  the  3500  and 

caliber  gun  barrels  in  active  U.  S.  Amy  field  artillery  alone  and  the  10,000{+) 
tank  guns  field  in  the  armored  force. 


NAVAL  GUNNERY  ROLES 


In  1974,  the  Navy  Department  promulgated  a  "Gun  Policy",  Reference  5. 

This  policy  contained  the  following  elements: 

1.  Small  caliber  (C)  gun  systems  (C  <  76nin)  will  te  employed 
principally  in  an  anti-air  mode  taking  advantage  of  any  anti  surface  target 
capability  which  might  be  inherent  in  the  weapon  system. 

2.  Intermediate  caliber  gun  systems  (76mm  <  C  <  200itin)  will  be 
employed  in  an  anti-surface  target  role  taking  advantage  of  any  anti-air  target 
capability  which  might  be  inherent  in  the  weapcxi  system. 

3.  Major  caliber  gun  systems  (C  >  200mm)  will  be  enployed  only 
against  surface  targets. 

This  gun  policy  recognized  the  technical  limitations  of  the  existing  naval  gun 
systems  and  provided  a  reasonable  basis  for  resource  allocation  at  the  t^  gf. 
ito  promulgation.  As  a  result  of  this  ^licy  the  naval  gun  was  recognized  as 
having  two  surface-to-surface  and  one  air  defense  role. 


1. 


Short  range  (R)  (C  <  200mm) ,  surface  strike,  short  ranged  (R  <  40  km) 


2.  Shore  bombardment  in  amphibious  warfare 

3.  Short  range  (R  <  10  km)  air  defense. 

Of  more  particular  importance  the  naval  guns  were  effectively  disqualify  from 

other  uses  both  by  policy  and  by  the  lack  of  an  effyive 

Guns  as  short  range  weapons  have  little  utility  in  the  long  rang  p 

Navy. 
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1  policy  did  not  anticipate  the  possibility  that  the  ma-ior 

SciSoJS'^to  200  ^  approximately  75  with 

excursions  to  200  km)  multi-purpose  launcher  for  an  immediate  ranqed  oonfcat 

system.  Ite  potential  of  solid  propellant  ramjet  gun  launch  niShrvSSL 

“'3  “li'a  state  gun  hardened  electronics  Is  St  S  ' 

exSSf  thS"'of  performance  wh£h 

exceeds  that  of  the  best  area  defense  AAW  missile  presently  under  devplonm^i^nf- 

seems  to  the  naval  AAW  conn^unity  to  be  a  flight  o/SJ^ffLtosy!  SJJn  ?  ^ch 

a  capability  were  realizable^  the  development  arx3  deployment  of  such  a  svstem 

d”Sf^^TSoSty^“^^=  «urSaSeJ“2n?  r^" 

32  ^  lract‘g:-o/^ 

Figures  1  and  2  show  typical  naval  combatant  ships.  Note  that  there  arp 
four  or  five  weapon  positions  cn  a  given  ship  and  that  anv  surfare 

^iloso^y  is  that  only  one  or  two  weapcn  positions  on  a  given  ship  are 
available  for  any  single  warfare  area.  IhS  is  the  major  lifting  fSor  in 
naval  gun  system  enployment  under  the  Naval  Gun  Itolicy  as  they  are  not 
considered  multipurpose  players.  ^  ^ 


GENERIC  OPERATIONAL  SCENARIOES 


illusJ^^tfS^SS?^  scenarioes  were  created  ty  this  writer  for  the  purpose  of 
the  Navy.  ^  '^'^^1  gun  uses.  These  scenarioes  have  no  standing  within 

is  a  K  Defense.  Ihe  principal  threat  in  this  scenario 

A  “  M  -  2.5  cruise  missile  which  may  have  leaked  through  the  outer 

of  rfaso^  defense  system  or  which  was  not  detected  forTvaSty 

f  reason^  Thus,  one  or  more  threat  missiles  appear  at  a  range  of  about  12  nm 
and  i^st  to  engaged.  The  gun  ^sterns  having  capability  against  such  a  threat 
are  the  20mm  MK  16  CB^,  the  76mm  MK  75,  and  the  5-/54  ^  of 

M^h^n  erosion  issue  in  this  sc^nSio,  a 

J^stem  IS  assumed  to  fire  guided  projectiles.  Table  3  gi^  Sr^obaWe  fiSt 
shot  engagement  r^e,  the  maximum  numter  of  shots  per  Inqagementr^  tte 
amount  of  ^unition  expended  per  1000  engagements.  This^lLt  number  provides 
Lena's  As"^^""*^"  the  life-tine  naval  ammunition  expend itllTIn'^lf 

wSSiS  is  number  of  rounds  expended  per  weapon  in 

^rtime  IS  quite  small.  One  must  conclude  that  the  AAW  point  defense 

S^that  ^  erosion  driver.  The  only  exception  to  this  rule 

Of  fSlL^^j^Sir"  '3uty)  might  reduce  the  reliability 
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?S/LSKrrr  «Utive  ^  r  U  f  STsiSin, 

mobllitj  klU  against  ^A.a  t^rgf  f^stSyer  sized  or  larger 

niay  be  a  reasonable  cbgective.  ^  weacon  dioioe  is  a  guided 

Sp,  sinkiifl  by  gunfire  is  n«  ™  r^ectlles  if  guided 

proWil®  “  ^hTaSuS^ie^val  ^  mounts  are  the  5"/S4  m 

munitions  are  not  available.  ^  WU^ie  estlirate  of  the  number  of  rounds 
45  and  the  76mm  MK  75.  Table  rounds  oer  1000  engagements  and  5000 

required  in  each  ®"3ag^nt,  ^nu*e^of  u^  the  U.  S.  Navy  there  probably 

SrSl;ssTan1foo"suSlclSi;-to-su3ac.-gi^^^  k^am  we 

S^tS^thS  soenarlo  is  not  a  gun  tube  erosion  driver. 

Miohibious  Warfare,  hnphibious  operations 

mosfSpllcateci  SItaneously  ani  the  r^id 

involve  crossing  air-1^  and  ashore  from  a  zero  baseline.  If  an 

establishment  and  build-i^  KelaS  ofa  strong,  skilled,  and 

amphibious  assault  must  be  Sre  support  makes  such  an 

^^®’^lff%4iSe’'  'te’^fbe  seen,  tte^upport  of  an  amphibious  assault  is  the 
n^srinteislve  application  of  naval  gun  systems. 

The  classic  world  “^gg°“|rea'*S'^2rOT^*or*^re  so  lacking  in 

Sity  as  to  preclude  ra^  “"“"“’"^arf  SS  Sand  with  26,000 
such  situations  are  Iwo  Jima,  an  eignt  ^  rvirman  Anw  with  a  horse  drawn 

defenders,  and  the  Nopandy  Invasion  in  wh^  werwheSg  air  interdiction 
and  rail  based  logistic  system  was  subD^t^  to  u  situation,  the 

S  a  carefully  coord  inatji  ^botage  c^ign.  fire  support 

prerequisites  for  successful!  assault  ^^e  th  ^  to  interdict 

??d2?roy  or  neutralize  ^e  eneiw  for^^n 

enemy  reinforce^ty^  S^aSays  successful  ani  sea  based  logistics 

SS^TaJ^^Tirthe^SSre  Jia-C4>. 

The  present  situation  Sf^tS^by 

land  forces  ocnsist  of  f^’^^^^ex^nsive  engineer  support.  These  for^  are 
motorized  logistics  systems  '^^th  extensive  In  the  last  decade, 

covered  by  air  <3efense  sy^ems  to  *  pl  description, 

eight  nations  have  employed  "“^hi-divisional  superpowers.  For  the 

sometimes  with  great  skill.  ^  1  model  ccmtoined  arms  anry  can  be  t^en  as 
purposes  of  this  discussion,  a  r^e  •  ^  but  not  so  well 

SJtoreat  (a  western  model  would  notorized  rifle 

known) .  This  force  consists  ^  a  t^  Fiqure  4  shows  the  time  required  for 
divisions.  Figure  ^  Jows  a  ^ployment .  F  g  n,echanized  opponent  is  not 

this  force  to  close  the  lodgem^t.  ^te  tnat  ^ 

interdicted,  large  forces  can  be  ^"^"^ra  2  assault  models. 

situation  is  a  ^ensr^ainS  a^pSSous  assault  is  to  keep 

Today,  the  standard  scheme  4;„rv=i  nniv  oorts  and  airfields,  and 

the  ooast-line  under  obseroation,  de  units  against  the  lodgement 

concentrate  re^^i^cd,  ^r  assault,^  amphibious  assault  force  must 

before  it  can  te  consolidate^  "nSfrf  Na^Fire  Support  System  is  to 
be  denied  air  superiority.  The  purpose  or  tne 
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defeat  this 


respcxise. 


assauI^oSraJlSs? 


five  functions  in  an^ibious 


1.  Beach  Preparation 

2.  Direct  Support  of  Maneuver  Elements 

3.  General  Support  of  the  Landing  Force 

4.  Air  Defense  Suppression 

5.  Interdiction 


^  identifies  the  capabiliti’pt?  nf  +-1-.^^ 

System.  The  naval  gun  su^rts  JS  fir^^  Support 

all-weather-^ay-night  cap^Uty^d  iS  ^  its 

gun  systems  do  not  have  LfficiLt  rano^.  ^sponsiveness .  Unfortunately,  naval 
^d  interdiction  functions  in  more  tS  the  ^  defense  suppression 

typical  ^yiet  air  defense  sysS  ewSoS  tS  5  is  a 

no  capability  exists  or  is  riesentlv  Reference  f .  Note  that 

Surface  Fire  Support  System^  deal^with^r^f*^  the  Naval 

located  more  than  20  km  inland.  On  the  other*^an<i*^^^^  and  mobile  air  defenses 
exist  to  deal  with  fixed  targets  Sidh  h^  ^  capability  will 

very  long  ranges.  teen  m  place  at  least  24  hours  at 


A  Marine  Amphibious  Force  (MAF)  mn<3i<3i-o  • 

Air  Wing.  This  organization  is  a  Por^  ^  Marine  Division  and  a  Marine 

which  assault  amphibious  lift  exisL^  largest  force  for 

of  the  fire  support  available  to  an  map  t^"f;  Figure  6  gives  a  profile 

J^+10  days.  Note  that  the  unit  of  mo  1®Y®^  amp^iibious  assault  for  X-1  to 
(ABE,.  This  devxS  bivalent 

as  this.  The  ABE  is  defined  as  a  un?t  for  use  in  discussions  such 

155inni  Howitzer  Battery  operating  at^tL  ^  ^  equivalent  to  an  eight  gun 

day.  Fifteen  (15%)  7f  °f  220  rounds  per  gm 

estate  of  th^  naval  fte  ™p^“ass"Li;a1Tfh?°  ? 

assault.  As  can  be  seen  an  arrmhiKio  ailable  to  an  MAF  amphibious 

about  25%  of  the  naval  surfacTSld  tie  up 

Required  to  support  an  MAF  amphibious  acaa  n-*4.u^^  amount  of  ammunition 
Table  VII.  inTwar  inX^^SShS  in 

of  two  Marine  Amphibious  Forces  and  two  Marino^A,^-K^  unconstrained  a  maximum 
could  te  expected  in  a  year.  Note  ^  Am^ibious  Brigade  assaults 

7  16V50  gun  barrels  would  te  w^J^  oJt  ^  -^^ding  8  5-/54 

Warfare  Area  is  a  gun  erosion  driver  Saure  ?  ^  Amphibious 

the  Marine  Artillery  becomes  fir^dy  establiJhZ  ^hat  onc^ 

component  serves  principally  to  extend  ashore,  the  naval  gunnery 

lodgement  from  this  point  tecome^  fn^J^  /^^^'  of  the 

defense.  Note  that  even  in  the  case  n«ssed  firepower  and  mobile 

the  area  is  subject  to  three  or  more  batt^?SI^"^  Figure  9,  most  of 

lodgement  this  size  is  required  if  the  "lassing.  Incidently,  a 

enemy  divisional  level  artillery  fire  ^  k  is  to  be  free  of 

of  the  build-up.  ^  ^  absolute  necessity  to  win  the  battle 
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LOGISTICS 

Naval  forces  are  largely  self  contained.  Aitinunition  transfer  at  sea  is  a 
^ocedure.  Rearming  of  5"  to  8"  gun  nounts  must  be  performed  along 
side  a  pier  or  tender  in  sheltered  waters.  Regunning  a  16"/56  turret  requires 

1^0  ^  125  toils  at  a  radS^Jf 

100  to  150  feet.  Figure  10  shows  the  major  U.  S.  Naval  bases.  Ships  can 

iSriS^Sln  per  day.  Table  VIII  shows  the  effects  S  gun  tube 

e  on  ship  av^labilit^  time  for  a  calendar  year  for  3,  5,  and  7  d^' transit 
lines.  As  can  be  seen,  long  life  naval  gun  barrels  are  a  must. 


SUMMARY 


The  naval  gun  exists  in  a  relatively  small  niche  in  the  overall  naval 
picture  largely  due  to  the  Naval  Gun  Policy  and  the  lack  of  investment 
resulting  therefrom.  Naval  gun  ^sterns  are  highly  automated  but  used 

oSe?S‘erfar^freni'T2<,^r^p^°’^°?i®^r'^’'‘'’^  ^  ^  standards  and 


SUMMARY  OF  NAV7VL  GUN  EROSICN  EFFORTS 


Ito  naval  gm  erosioi  research  program  has  existed  since  1956.  All  of  the 
esults  reported  in  the  1977  Tri-Service  Symposium  (Reference  7)  were  the 

Sd^l974  'malfunction  investigations  undertaken  between  1968 

^l^hnl^nh\  ^  active  Navy  gun  development  program  since  1977 

although  several  have  been  proposed.  Present  naval  gun  barrel  lives  are 

mounr^°T^^^  satisfactory  with  the  exception  of  that  of  the  76mm  MK  75  gun 
mount.  ^  technology  exists  to  solve  this  problem.  Indeed,  technology  exists 
to  make  the  next  step  in  performance  level  should  that  ever  be  requir^ 
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.  MAW  SURFACE  COMBATANT  GUN  POPULATION 
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TABLE  II 

NAVAL  WARFARE  AREAS  AND  PLATFORMS 
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AAW  POINT  DEFENSE  SCENARIO 
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NAVAL  FIRE  SUPPORT  SYSTEM 
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TYPICAL  MAP  AMPHIBIOUS  ASSAULT  FIRE  SUPPORT  ASSETS  (1990) 

NAVAL  SOURCES  CNLY 


1-38 


-  Artillery  Battery  Equivalent 
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TABLE  VIII 

EFFECTS  OF  5V54  GCN  TUBE  LIFE  CN  SHIP  AVAILABILITY 
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TICONDEROGA  CG  47  (ex-DDG  47)  566  FT. 
FROM:  FRIEDMAN  "US  DESTROYERS"  d( 


NOTIONAL  ANTI-AMPHIB  DEPLOYMENT 


TARGET  BUILDUP  RATE 
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H-TIME  +  time  (hr) 


COMPARATIVE  SAM  ENVELOPES 


TARGET  BUILDUP  RATE 
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H-TIME  +  time  (hr) 


COMPARATIVE  SAM  ENVELOPES 


FIRE  SUPPORT  ASSETS- MARINE 
AMPHIBIOUS  FORCE  ASSAULT  LANDING 


MAF  LANDING  SITUATION 
END  OF  X  DAY 


MARINE  AMPHIBIOUS  FORCE 
LODGEMENT  SITUATION  ON  X+3  DAY 


MAF  BEACH-HEAD  X+3  DAY  FIELD 

artillery  massing  zones 


BASIC  RESEARCH  RELATED  TO  GUN  TUBE  WEAR  AND  EROSION 


Robert  R.  Reeber* 

U.  S.  Army  Research  Office 
P.  0.  Box  12211 

Research  Triangle  Park,  NC  27709 


ABSTRACT 

Several  of  our  investigations  relate,  at  least  in  part,  to  problems  arising  in 
large  caliber  gun  tubes.  The  objectives  of  two  of  these  projects,  at  Lawrence 
Livermore  Laboratory  (LLL)  and  the  University  of  Pittsburgh,  involve  characteri¬ 
zation  of  the  mechanisms  of  interaction  of  hot  multiphase  erosion/corrosion 
phenomena  occurring  in  gun  tubes  and  high  temperature  combustion  engines.  The  LLL 
project,  at  least  in  its  initial  stages,  was  cofunded  by  Large  Caliber  and  Ballis¬ 
tic  Research  Laboratories. 

The  second  group  of  projects  relates  to  the  more  general  topic  of  plating  refrac¬ 
tory  metal  coatings  that  Have  application  for  the  development  of  improved  perform¬ 
ance  gun  tubes,  the  manufacture  of  metallic  glasses  for  electronic  applications 
and  the  development  of  wear  resistant  surfaces  for  other  military  hardware.  These 
projects,  although  basic  research,  have  a  two-fold  thrust  that  includes: 

1.  Development  of  an  understanding  of  the  plating  process  that  could  even¬ 
tually  lead  to  improved  wear  and  erosion  resistance  performance  and; 

2.  Evaluation  of  specific  high  risk/high  payoff  aspects  of  plating  technol¬ 
ogy  that  can  lead  to  significantly  lower  costs  for  the  plating  process. 

Technology  aspects  of  each  project  as  well  as  technology  transfer  arrangements 
with  Army  laboratories  will  be  briefly  reviewed.  Related  projects  in  Chemistry 
and  Engineering  Divisions  are  also  briefly  reviewed. 

*  Materials  Engineer,  U.  S.  Army  Research  Office  program  on  Degradation,  Reactiv¬ 
ity  and  Protection  of  Materials,  Metallurgy  and  Materials  Science  Division  (919) 


BASIC  RESEARCH  RELATED  TO  GUN  TUBE  WEAR  AND  EROSION 


Robert  R.  Reeber 
U.  S.  Army  Research  Office 
P.  0.  Box  12211 

Research  Triangle  Park,  NC  27709 


The  U.  S.  Army  Research  Office  sponsors  a  number  of  projects  that  relate  at  least 
in  part  to  erosion  problems  in  large  caliber  gun  tubes.  Choice  of  these  unsolic¬ 
ited  projects  results  from  external  peer  review  for  technical  merit.  Army  labora¬ 
tory  review  for  program  relevance  and  the  availability  of  funds  as  prioritized  by 
Army  management.  The  projects  can  generally  be  grouped  into  the  following  three 
categories: 

(1)  Theoretical  and  experimental  characterization  of  complex  thermodynamic 
and  kinetic  phenomena. 

(2)  Performance  improvements  of  chemicals,  materials,  structures  or  control 
equipment  stemming  from  an  improved  understanding  of  design  principles,  physical 
and  mechanical  properties  of  materials,  and  reaction  chemistry. 

(3)  Developments/breakthroughs  in  characterization  and  sensing  methodology 
that  can  later  impact  categories  (1)  and  (2). 

Work  considered  most  relevant  to  the  erosion  area  includes:  Metallurgy  and 
Materials  Sciences  (6  projects).  Chemistry  (7  projects).  Engineering  (4  projects). 
The  principal  thrust  of  the  Engineering  effort  is  directed  at  high  temperature 
engine  research  related  to  combustion  and  surface/gas  reactions. 

Because  of  the  interdisciplinary  nature  of  several  of  these  projects,  their 
funding,  as  indicated,  is  shared  between  several  divisions.  Funding  for  all  areas 
is  summarized  in  Table  1. 


Approved  for  public  release;  distribution  unlimited. 
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Metallurgy  and  Materials  Sciences  Division 

Project  Monitor:  Dr.  Robert  R.  Reeber,  Telephone:  (919)  549-0641,  Ext  318 


1 .  An  Investigation  of  the  Electrode  Kinetics  and  Electrochemistry  of 
Refractory  Metal  Deposition^  Project  Number  19554-MS  25  April  1983 


EIC  Corporation,  Newton,  Massachusetts. 
Principal  Investigator:  Dr.  S.  H.  White 


Preliminary  studies  are  evaluating  zinc  chloride  for  application  as  a  low 
temperature  electrolyte  for  molybdenum  and  tungsten  deposition.  Electrochemical 
spectroscopic  techniques  will  be  used  to  identify  conditions  for  coherent  metal 
deposition.  In  parallel  with  these  studies,  literature  information  is  being 
collected  to  evaluate  alternate  low  temperature  fused  salt  electrolytes.  Proposed 
novel  electrolyte  formulations  designed  from  such  information  will  be  examined 
experimentally  with  techniques  applied  for  zinc  chloride. 


Annual  Funding:  M&MS,  44K 

SC: 

ARRADCOM  (Lakshminarayan) 

Chemistry,  44K 

SC: 

BWL  (AHMAD) 

SL: 

AMMRC  (Pan) 

SC: 

NASA  LEWIS  (May) 

2.  Electrodeposition  of  Chromium  in  Magnetic  Fields.  Project  Number 
15104-MS  31  December  1982 

Portland  State  University,  Portland,  Oregon. 

Principal  Investigator:  Professor  John  Dash 

This  v/ork  involves  assessing  the  effect  of  magnetic  fields  on  electro¬ 
deposition  processes.  Work  to  date  indicates  that  magnetic  fields  increase  the 
current  efficiency  of  chromium  deposition,  improve  the  uniformity  of  the  deposits 
and  reduce  the  volume  of  hydrogen  gas  present.  Magnetic  field  strengths  of  zero 
to  13.4  kiloguass  were  employed.  Deposits  were  characterized  with  transmission 
and  scanning  electron  microscopy.  Current  efficiency  increases  were  small. 
Additional  activities  on  this  project  relate  to  bath  additives  for  improvement  of 
chromium  plating  efficiency.  A  United  States  Patent  Application  was  filed  in 
June,  "Methods  to  obtain  current  efficiencies  in  chromium  plating  of  up  to  70^  are 
presented  in  this  disclosure." 

Presently,  industrial  practice  operates  in  the  15  to  25%  range.  Several  publica¬ 
tions  have  been  presented  on  this  work,  the  latest  at  the  69th  Annual  Technical 
Conference  of  the  American  Electroplater's  Society. 

Annual  Funding:  M&MS,  41K  SL:  BWL  (Chen) 

SC:  AMMRC  (Morrossi) 

SC:  MERADCOM  (Levine) 

SC:  FCSCWSL  (Ebihara) 
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TABLE  1 

EROSION  RELATED*  RESEARCH 
funding  SUMMARY 


1982 

ANNUAL  $K 

ELECTROPLATING 

208 

EROSION 

323 

REACTION  KINETICS 

202 

BORON  CHEMISTRY 

297 

HEAT  FLUX  TO  SURFACES 

108 

CATALYTIC  SURFACE  REACTIONS 

114 

*  SOME 
TECHNIQUES 


PROJECTS  MAY 
USED. 


BE  OF  INTEREST  ONLY  BECAUSE 


OF  DIAGNOSTIC  AND  MATHEMATICAL 


) 


Projlct  l^g^sf 

Rensselaer  Polytechnic  Institute,  New  York. 

Principal  Investigator:  Professor  R.  A.  Bailey 


rn  evaluating  electroplating  of  chromium  from  molten  LiF-NaFKF 

tho^Swt  primary  object3$f  this  research  is  to  determine  the  mechanisms  of 
the  electrode  reduction  of  Cr  ion  in  the  molten  FLINAK  based  on  results  obtained 
from  cyclic  voltammetry  and  chronopotentiometry.  Chromium  deposits  obtained  to 
date  have  had  marginal  potential  for  applications  requiring  quality  chromium 
electroplated  material.  Chromium  deposits  that  are  adherent,  soft  and  free  of 

fSvSrlhe^taSfnly'o?  ;hrc\%ortuf  properties  ip  a  way  that  a,ight 


Annual  Funding:  M«MS,  13. 5K  SL:  BWL  (Ahmad) 

Chemistry,  18. 5K  SC:  FCSCWSL  (Ebihara) 


Electrodeposition  of  Amorphous  and  Composite  Alloys. 
Numoer  ib/8Z-MS  j  jgQ3 


Project 


Stevens  Institute  of  Technology,  Hoboken,  New  Jersey. 
Principal  Investigator:  Professor  Rolf  Weil 


The  object  of  this  research  is  to  investigate  the  effect  of  pulse  platinq  on 

alTovr*^ThP^n?^tJn*’°f  hydrogen  codeposition  effects  in  electrodeposited 
Pjating  of  amorphous  nickel -phosphorus  and  nickelmolybdenum  alloys 
solutions  is  being  studied.  Films  obtained  are  being  charL 
y  transmission  electron  microscopy  and  mechanical  property  tests, 
everal  papers  have  been  presented  to  the  Electrochemical  Society,  TMS  AIME  and 
the  Penn  State  Conference  on  Electrodeposition. 


in 


Annual  Funding:  M«MS,  42K 


SL:  BWL  (Ahmad) 

SL:  ETDL  (Tauber) 

SC:  AMMRC  (Aabielski) 
SC:  MERADCOM  (Horner) 


) 


5. 

Elevated 


Interactions 
I emperaturesT 


Between  Erosion  and  Corrosion  of  Metals  and  Alloys  at 
Project  Numoer  1/4Z1-MS  4'  January  1984 


University  of  Pittsburgh. 

Principal  Investigators:  Professors  N.  Birks  and  F.  S.  Pettit 


'"Y^stigate  the  effects  of  a  hot  gas  stream  with  and  without 
particulates  on  erosion  of  refractory  metals  and  metal  alloys.  Typical  tempera¬ 
tures  and  speeds  are  910  C  at  140  ms'l  and  865  C  at  240  ms-’.  Particle  control 

'a  «  S^’to  particle  dispenser  and  a  compSJer 

monitored  laser  doppler  anemometer.  As  work  proceeds,  higher  temperatures  and 
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particle  flow  rates  are  expected.  Eroded  samples  are  examined  by  a  variety  of 
metallurgical,  analytical  and  microscopical  techniques. 

Annual  Funding:  M&MS,  73K  SL:  AMMRC  (Levy) 

SC:  RTL/EUSTIS  (Cale) 

SC:  RTL/EUSTIS  (Santoro) 

SC:  TACOM  (Rose) 


6.  An  Investigation  of  the  Mechanisms  of  Hot,  Multiphase  Erosion/ 
Corrosion  I>henomena.  t’roject  Number  15812  1  October  1982 

Lawrence  Livermore  Laboratory.  Principal  Investigator:  Dr.  A.  Buckingham 

Theoretical  modeling  and  experimental  work  involving  laser  simulation  of 
erosive  phenomena.  This  project  will  be  reviewed  separately. 


Annual  Funding:  Engineering,  lOOK 
M&MS,  lOOK 
Large  Caliber,  50K 


SL :  BWL  ( Ahmad ) 

SL:  LCWSL  (Lannon) 
SL:  BRL  (Ward) 

SC:  MICOM  (Walker) 


The  Chemistry  Division  has  two  program  areas  that  relate  in  part  to  the 
erosion  problem.  These  include  three  projects  addressing  heterogeneous  reaction 
kinetics;  other  potential  applications  of  this  work  relate  to  catalysts  and 
chemical  reactivity,  and  four  boron  chemistry  projects  Nith  relevance  for  explo¬ 
sives  with  low  flame  temperatures). 

Brief  descriptions  are  as  follows: 

Heterogeneous  Reaction  Kinetics: 

Project  Manager:  Dr.  David  R.  Squire,  Telephone:  (919)  549-0641,  Ext  208 

!•  Interactions  of  Vibrationally  Excited  Molecules  with  Solid  Surfaces. 
Project  Number  17349-C  14  June  1983 

Cornell  University. 

Principal  Investigators:  Professors  P.  L.  Houston  and  R.  P.  Merrill 

Molecules  contained  in  an  ultrahigh  vacuum  chamber  were  excited  with  a 
pulsed  CO2  laser.  Relaxation  phenomena  for  CO2  vibrational  modes  at  stainless 

steel,  silver  and  nickel  surfaces  were  obtained.  Thermal  accommodation  on  sur¬ 
faces  subjected  to  the  same  treatment  as  experimental  surfaces  is  being  used  to 
determine  the  extent  and  effect  of  adsorbed  species  on  the  vibrational  relaxation 
efficiencies. 

Annual  Funding:  Chemistry,  61. 5K  SC:  BRL  (Keller) 

SC:  LCWSL  (Harris) 

SC:  AMMRC  (Johnson) 
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2.  Study  of  Gas-Surface  Interactions  by  Laser-Induced  Fluorescence 
Detection.  Project  Number  1/355. 3-CH  8'  December  1983 - 


Stanford  University. 

Principal  Investigator:  Professor  R.  N.  Zare 


A  theoretical /experimental  study  of  the  form  of  the  gas-surface  interaction 
potential.  Measurements  will  include  chemiluminescence  that  accompanies  exposure 
of  clean  surfaces  to  bombarding  gas  molecules  and  internal  state  distributions  of 
H2  that  is  formed  by  atom  recombination  on  a  metal  surface. 


Annual  Funding,  Chemistry,  80K 


SC:  CSL  (Harden) 

SC:  BRL  (Anderson) 
SC:  BRL  (Beyer) 

SC:  AMMRC  (Johnson) 
SL:  LCWSL  (Sharma) 


3-  Determination  of  the  Microscopic  Structure  of  Surfaces  and  Overlayers 
Adsorbate^dsorpate  Interaction  tneraies  and  Rates  of  Surface 
lluniDer  16i!/3.5-C  - g4~  September  mi 

California  Institute  of  Technology. 

Principal  Investigator:  Professor  W.  Henry  Weinberg 

A  versatile  multiprobe  molecular  beam  ultrahigh  vacuum  apparatus  is  in  final 
testing.  Scattering  of  a  variety  of  rare  gases  (He,  Ar,  Ne,  Xe)  from  Fe  single 
crystals  will  provide  information  concerning  the  gas-surface  interaction  poten¬ 
tial.  Later  experiments  will  focus  on  the  scattering  of  reactive  gases  (H2S,  H2O, 

O2,  PH^)  from  the  iron  crystal  surfaces.  Reactant  and  product  molecules  scattered 

from  the  iron  surface  will  be  measured  as  a  function  of  crystal  temperature  and 
geometric  and  dynamical  variables  of  the  experiments. 


Annual  Funding:  Chemistry  60K 


SL:  MERADCOM  (Joebstl ) 
SL:  LCWSL  (Habermand) 
SC:  BRL  (Beyer) 

SC:  AMMRC  (Harrison) 
SC:  BWL  (Kamdar) 


Boron  Chemistry 

Project  Manager:  Dr.  Bernard  Spiel vogel.  Telephone:  (919)  549-0641,  Ext  230. 

ARO  research  on  boron  compounds  has  involved  a  long-term  effort  that  includes 
Dr.  Spielvogel's  staff  research  at  ARO.  In  the  middle  70's,  the  potential  for 
NHC,  N“Hexy1carborane  was  recognized  as  essential  for  the  new  Viper  antitank 
weapon.  Since  this  material  currently  costs  $1200/lb,  there  was  a  critical  need 
for  less  expensive  synthesis  routes.  Figure  1  from  a  management  briefing  by  Dr. 

Spielvogel  indicates  the  success  to  date  of  the  basic  research  efforts  in  this 
area . 
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EFFICIENT  ROUTES  TO  NHC 
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An  of  the  boron  compound  research  program  has  been  to  achieve  lower  molpr- 
combustion  products  and  higher  impetus  solid  propellants.  Nitroqen- 
compounds  (N-B-H)  have  been  identified  that  have  60  to  80%  hiqher 
tures^^^^^^  conventional  propellants  at  the  same  flame  temper^ 


Polyhedranes  and  Polyhedral  Carboranes.  Project  No.  17398-C 

14  June  1983 

University  of  Georgia 

Principal  Investigator:  Professor  R.  B.  King 

Annual  Funding:  Chemistry,  46K  SL:  LCWSL  (Gilbert 

SC:  BRL  (Schroeder) 

SC:  MICOM  (Carver) 


c  4.^*  11?^  Conversion  of  Smaller  Borane  Fragments  to  Larger  Structures  -  The 

Systematics  of  Boron  Hydrides  Reactions.  Project  No.  18151-C  IF  June  1984 — 

University  of  Utah 

Principal  Investigators:  Professors  R.  W.  Parry  and  G.  Kodama 


Annual  Funding:  Chemistry,  102K 


SC:  MICOM  (Carver) 
SC:  BRL  (Fifer) 


Studies  on  the  Synthesis  of  Boron  Hydride  Systems.  Project  No.  19129-C 

31  March  1985 

Ohio  State  University 

Principal  Investigator:  Professor  S.  G.  Shore 

Annual  Funding:  Chemistry,  lOOK  SC:  MICOM  (Carver) 

SC:  BRL  (Fifer) 


New  Synthetic  Routes  to  Boron  Cage  Compounds.  Project  No.  18563-C 

University  of  Pennsylvania 

Principal  Investigator:  Professor  L.  G.  Sneddon 

Annual  Funding:  Chemistry,  48. 6K  SC:  MICOM  (Carver) 


5-  Studies  in  Boron  Chemistry.  Project  No.  17650-C 
Duke  University 

Principal  Investigators:  Dr.  B.  F.  Spielvogel  and  Dr.  A.  T.  McPhail 
Annual  Funding:  Chemistry,  48. 6K 


Projects  in  the  Engineering  Division,  although  not  directly  relevant  to  the 
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Engineering  Division 


Project  Manager:  Dr.  Dave  Mann,  Telephone:  (919)  549-0641  Ext  249 
Heat  Flux  to  Surfaces 

1-  Wall  Effects  on  Combustion  in  an  Engine.  Project  No.  15048-E 


TRW,  Inc.  14  December  1982 

Principal  Investigator:  F.  E.  Fendell 

This  project  undertakes  experimental  and  theoretical  investigations  of  the 
interaction  of  planar,  premixed,  fuel-lean,  hydrocarbon-air  flames  with  planar, 
isothermal,  noncatalytic  walls.  This  work  entails  numerical  solution  of  a  trans¬ 
cendental  ly  nonlinear,  elliptical  eigenvalue  problem,  expressing  a  Shvab-Zeldovich 
formulation  of  the  aerothermochemical  flow. 

The  adequacy  of  such  a  formulation  is  to  be  indicated  by  comparing  predictions 
for  a  single-sidewall  quench  layer  with  experimental  measurements  of  isotherms  and 
isoconcentration  surfaces  for  hydrocarbons.  The  laboratory  data  is  obtained  by 
laser  Raman  spectroscopy  for  a  flame  stabilized  on  a  heat  sinktype  burner,  with  a 
water-cooled  sidewall  of  various  materials.  The  preliminary  comparison  is  fairly 
adequate — theory  gives  a  somewhat  too  slow  burn-up  of  hydrocarbons  relative  to 
observations. 

Annual  Funding:  Engineering  56K  SL:  MERADCOM  (Quillian) 

SC:  TACOM  (McClelland) 

2.  Diesel  Engine  Cylinder  Gas-Side  Heat  Flux  to  a  Ceramic  Surface.  Project 
No.  18188^^E  17  February  1983 

University  of  Wisconsin 

Principal  Investigator:  G.  L.  Borman 

The  research  is  to  provide  experimental  data  on  the  heat  flux  to  the  cylinder 
gas  side  surface  of  a  transducer  constructed  from  materials  which  may  be  used  for 
the  cylinder  surfaces  in  a  low  heat  rejection  diesel  engine.  Such  data  are  to  be 
used  to  obtain  an  improved  understanding  of  the  heat  transfer  phenomena  in  such 
engines  and  to  provide  improved  correlations  for  use  in  cycle  simulation  and 
combustion  modeling. 

Annual  Funding:  Engineering,  52K  SL:  TACOM  (Klein) 

SC:  MERADCOM  (Kinser) 
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Catalytic  Surface  Reactions 


) 


Heterogeneous  Catalysis  of  Hydrocarbon  Fuels.  Project  No. 

rr  April  1983 

University  of  Ill inois-Urbana 

Principal  Investigators:  Richard  I.  Masel,  R.  0.  Buckius 


This  research  project  consists  of  a  parallel  experimental  and  analytical  study 
invespgapng  catalytic  combustion  for  piston  engine  applications.  The  objective 
of  this  study  is  to  obtain  a  better  fundamental  picture  of  the  chemical  and  physi¬ 
cal  processes  that  lead  to  substantially  improved  engine  performance.  The  experi¬ 
mental  program  has  successfully  measured  ignition  temperatures  for  hydrogen 
propane,  propylene,  methanol,  and  toluene.  Detailed  kinetics  for  catalytic 
combustion  of  a  model  hydrocarbon  fuel,  formaldehyde,  are  being  obtained.  The 

towards  a  two-dimensional  transient  investigation 
for  catalytic  combustion.  ^ 


Annual  Funding:  Engineering,  52K  SL:  TACOM  (Bryzik) 


1  Kinetics  of  Catalyzed  Combustion  of  Fuel.  Project  No. 

17267-E  3o  September  1983 

United  Technologies  Research  Center 
Principal  Investigator:  Pierre  J.  Marteney 

)  The  fundamental  aspects  of  catalytic  combustion  are  under  investigation  in 

this  program.  Argon-diluted  mixtures  of  hydrocarbon  fuels  and  oxygen  are  pre¬ 
heated  and  reacted  on  catalytic  surfaces.  A  two-step  reaction  mechanism  is 
presumed,  with  fuel  coverting  sequentially  to  CO  and  CO^.  Tests  to  date  have  been 

conducted  with  single-component  fuels,  principally  propane. 

Annual  Funding:  Engineering,  62K  SL:  NASA  LEWIS  (Mularz) 


The  Mathematics  Division  also  has  some  work  that  may  aid  in  complex  calcu¬ 
lations  and  computations  related  to  theoretical  models  of  erosion  and  hetero- 
geneous  reaction  kinetics.  Those  interested  in  further  information  on  this  area 

Director  of  the  Mathematics  Division,  (919) 

KzlU_riK/il  L  v -I-  OIZA  *  '  * 


The  Physics  Division  has  no  programs  directly  relevant  to  erosion.  Projects 

relating  to  theoretical  aspects  of  structure  and  strength  of  materials  are  under 

^ao  Robert  Lontz,  Director  of  the  Physics  Division,  (919) 

549  — Ijfiai  F" ? *1 7  . 
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STATUS  OF  GUN  BARBEL  WEAR 
AND  EROSION  IN  THE  USA 


THE  THIRL  TRI-SERVICE  SYMPOSIUM  ON 
"GUN  TUBE  WEAR  AND  EROSION"  (1),  (2) 


By 


Jean-Paul  Picard 


ARRADCOM,  Dover,  N,  J. 

*The  previous  two  were  held  in  1970  at  Watervliet  (1) ,  and  in  1977  here  at 
Dover,  New  Jersey,  respectively  (2), 
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OUTLINE 


I.  Historical 

II.  The  Magnitude  of  the  Problem  of  Erosion 

III.  Mechanism  of  Erosion 

IV.  Approaches  to  Solve  the  Problem 

V.  Low  Flame  Temperature  Propellant 

VI.  Modem  Propellant 


VII.  Conclusion 


I.  aigtorlcaj. 


Kie  useful  life  of  gun  tubes  under  the  wear  and  erosive  environments  of  eun 
tech^lo^  continues  to  be  one  of  the  major  problems  In  artillery 


Since  the  advent  of  guns  In  the  beginning  of  the  14th  century,  there  has  been 
a  contln^us  effort  to  increase  their  capebillty,  in  terns  of.  p^J^emng  hSvJjT 
projectiles  faster  for  longer  distance  with  greater  accuracy. 

In  the  19th  century,  becuase  of  advances  in  chemistry,  mechanics,  metallurev 

elongated  projectiles  replaced  sperlcal  Iron  projec?^ 
tiles  ^d  rifled  guns  were  Introduced.  In  that  period,  for  the  first  time,  through 

In  Ge^nv  ^  progressive  burning  gun  propellant  was  used? 

f  fabricating  gun 

^  ®  was  Introduced.  All  of  these  made  possible  the  development  of 

these  led  chamber  pressure,  muzzle  velocity,  rate  of  fire  and  range;  but 

probLi  ^  ^  Increased  erosion  to  a  point  that  It  was  recognized  as  a  serious 

oower^of^f??{i?^^  Scientist,  Frederic  Abel,  wrote  "The  great  increase  in  the 

Lnrf  ^  artillery  has  brought  the  subject  of  erosion  of  gun  barrels  Into  proml- 
nance,  and  It  now  forms  one  of  the  chief  difficulties  to  be  encountered  by  the 
^ers  of  a  heavy  gun,  its  sufficient  mitigation  is  the  one  great  difficulty  like¬ 
ly  to  Impose  a  limit  on  the  size  and  power  of  ordnance  in  future.” 

is  thS^sySpoS^^  become  an  axiom  of  ballistics  technology  and  a  proof  of  that 


In  some  conventional  systems  such  as  howitzers  and  mortars,  due  to  the  ad- 
VMcements  In  the  technology  of  materials,  propellants  and  design,  the  erosion 

control.  In  advanced  systems,  however,  which  are  de- 
increased  range  and  high  muzzle  velocity,  the  seriousness  of 
on  often  requires  that  they  be  condemned  prematurely.  Consequently,  there  has 
been  considerable  R&D  effort  to  understand  it  and  to  develop  the  technology  to 
overcome  it.  Some  of  this  work  was  reported  in  the  1970  and  1977  symposia,  (1) (2) • 
this  symposium  gives  an  account  of  the  work  done  since  then. 

^®  ®  ballistic  factor  that  must  be 
on  if  i">Proved  gun  systems  are  to  be  fielded.  This  is  predicted 

on  the  fact  that  although  significant  progress  has  been  made  in  some  areas  of 

constant  demands  for  increased  range,  higher  muzzle  velocity 
S  erosSn!  ^  greater  strain  on  the  gun  and  result  in  drastic  increases 


II.  The  Magnitude  of  the  Problem  of  Erosion 

Thi  seriousness  of  the  erosion  problem  in  currently  used  artillery  is  quite 
severe,  and  some  of  the  advanced  systems  such  as  the  75mm  high  velocity  gun  or  the 
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Whenever  there  is  a  problem  with  one  particular  weapon ^  funding  is  provided 
to  solve  that  problem,  but  with  little  attention  to  identification  of  its  root 
cause.  There  is  little  doubt  that  a  more  systematic  and  persistent  approach  is 
necessary. 

Erosion— reduction  additives  may  be  considered  as  an  interim  solution  to  the 
problem.  This  is  not  to  say  that  additives  such  as  talc,  Ti02  and  polyurethane 
have  little  value  but  it  becomes  apparent  that  additives  do  not  perform  with  equal 
degree  of  effectiveness  in  all  systems.  In  other  words,  there  is  still  no  satis¬ 
factory  way  to  predict  whether  a  given  additive  will  be  effective  in  a  given 
weapon • 


Work  done  in  recent  years  on  refractory  metal  coating  technology  has  advanced 
in  many  different  areas.  At  Benet  Weapons  Laboratory^  work  on  chrome  plating 
technology  has  resulted  in  considerable  improvement  of  the  properties  of  conven¬ 
tional  chromium  coatings.  For  example.  Improved  low  contractile  chromium  eval¬ 
uated  in  20mm  M24A1  (4)  guns  showed  a  performance  much  superior  to  the  high  con¬ 
tractile  chromium  tested  under  the  same  conditions.  The  flow-through  method 
appears  to  give  coating  with  superior  properties. 

Other  refractory  coatings  such  as  Tantalum  and  Columblum  have  been  laboratory 
tested  on  short  liners  shrink-fitted  into  20mm  M24A1  barrels  and,  on  105mm  liners 
for  the  M68  gun.  Preliminary  results  indicate  a  potential  pay  off. 


V.  Low  Flame  Temperature  Propellant 

As  already  stated,  the  flame  temperature  of  the  propellant  is  probably  the 
single  iQost  important  factor  contributing  to  erosion j  accordingly,  there  is  a 
continuing  effort  by  all  the  Services  to  formulate  low  flame  temperature  pro¬ 
pellants.  The  M-30  developed  at  Picatinny  in  the  mid-fifties,  was  a  product  of 
such  an  effort.  In  this  case,  the  incorporation  of  nltroguanidine  with  nitro¬ 
cellulose  and  nitroglycerine  did  provide  somewhat  cooler  propellant  than  its 
counterpart  made  up  of  nitroglycerin  and  nitrocellulose.  In  the  same  development, 
a  cooler  burning  propellant  than  M-30,  known  as  M-31,  when  substituted  for  M-30  in 
the  8- inch  gun  resulted  in  less  gun  barrel  erosion. 


VI.  Modem  Propellant 

An  important  development  of  the  sixties  was  the  introduction  by  Picatinny  of 
the  nitramine  based  propellants.  It  was  realized  that  RDX,  or  HMX,  in  combination 
with  nitrocellulose  or  a  hydrocarbon  binder,  could  provide  the  most  unique  pro¬ 
pellant  system  with  a  relatively  high  force  and  low  flame  temperature. 

Attempts  to  introduce  propellants  with  low  flame  temperature  and  high  impetus 
show  promising  results;  the  combustion  products  of  some  of  these,  however,  are 
quite  erosive.  In  the  development  of  any  artillery  system,  it  is  important  that 
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funding,  most  of  the  approaches  could  not  be  conducted  to  full  conclusion. 
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the  evaluation  of  erosion  be  carried  out  simultaneously  to  avoid  unexpected  results, 

"The  propellant  testing  should  be  performed  as  early  as  possible  in  the  weapon 
development  cycle  for  which  it  is  intended," 

Finally,  we  become  aware  of  the  fact  that  no  one  single  factor  will  reduce 
erosion  in  all  cases.  The  potential  for  success  is  Increased  through  the  use  of 
appropriate  gun  barrel  design,  low  flame  temperatihre  propellant  and,  if  necessary, 
additives.  Although  the  relevance  of  the  type  of  ignition  used,  has  been  omitted 
in  this  address,  it  should  not  be  neglected.  The  practical  use  of  combustible  car¬ 
tridge  cases  should  also  be  noted;  this  provides  an  opportunity  to  locate  additives 
such  as  talc  and  TIO2  at  the  proper  positions  along  the  gun  barrel  wall. 

It  is  hoped  that  this  meeting  will  lead  to  a  better  appreciation  of  the 
problem  and  that  it  will  promote  more  Intense  cooperation  among  the  Services, 
Industries  and  the  University. 

It  was  soon  realized,  however,  that  the  composition  of  the  gas  resulting  from 
the  combustion  of  such  propellants  also  caused  gun  barrel  erosion;  at  that  time  the 
appearance  of  anti-^-erosion  additives  was  a  reassuring  factor. 

Tracing  back  to  the  origin  of  additive,  we  find  that  in  the  mid-fifties, 
Canadian  Scientists  (5)  explored  the  use  of  polyurethane  foam,  which  through  its 
thermal  degradation  generated  a  cool  boundary  layer.  Testa  made  in  the  U.S.  (6) 
in  90mm,  105mm,  and  120mm  tank  guns  showed  similar  findings  to  those  obtained  In 
Canada,  however,  althotigh  in  the  lOSsmi  M68  the  wear  life  did  improve,  an  unaccept¬ 
able  dispersion  value  was  recorded. 

In  the  sixties,  the  Swedish  Inventors  (7)  suggested  the  use  of  propelling 
charge  liners  made  of  rayon  coated  with  Ti02  (titanium  dioxide)  dispersed  in  molten 
wax.  The  results  obtained  were  encouraging. 

Furthermore,  work  in  this  direction  was  done  at  Picatlnny  (8,9).  A  number  of 
oxides  and  silicates  were  found  usable  for  this  purpose,  and  in  particular,  Hydrat-* 
ed  Magnesium  Silicate  or  Talc  has  gained  prominence.  The  superiority  of  talc-wax 
over  TiO^-^wax  additives  was  demonstrated  in  a  number  of  Army  and  Navy  guns.  A  mul¬ 
titude  or  systems  consisting  of  talc-polyurethane,  talc-in-combustible  cartridge 
case,  talc-wax,  and  others  have  been  developed  and  used  in  this  country  and  abroad. 
As  previously  stated,  dimethyl  silicone  shows  improved  anti-erosion  properties  in 
the  75mm  and  90mm  systems. 

In  the  case  of  small  arms  ammunition,  (due  to  the  small  chamber  volume)  pro¬ 
pelling  charge-liner  cannot  be  used  to  counteract  erosion.  By  necessity,  the 
additives  must  be  formulated  within  the  propellant.  Some  excellent  results  have 
been  obtained  with  Ti02  or  Talc  at  concentration  levels  of  1-2%,  but  a  great  deal 
remains  to  be  done  in  this  area. 
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VII,  Conclusion 


f 

Barrel  erosion  is  an  extremely  complex  area  where  all  the  disciplines  of 
Chemistry^  Physics  and  Materials  Science  interact  at  the  bore  surface  of  the  gun  to 
cffoct  reproducible  ballistic  performance  and  a  high  degree  of  accuracy. 

Although  over  simplified  thermo-mechanical  and  thermo-chemical  models  have 
been  proposed,  no  reliable  comprehensive  model  capable  of  predicting  barrel  life 
has,  as  yet,  been  developed.  No  one  refutes,  however,  that  the  combined  effort  of 
the  propellant  chemist  and  metallurgist  will  eventually  lead  to  a  successful  solu¬ 
tion. 

Boundary  layer  coolants,  like  polyurethane  foam,  TIO  -wax  and  talc-wax, 
dimethyl  silicone,  low  flame  temperature  propellants,  and  plastic  rotating  bands 
represent  a  number  of  control  measures  developed  and  which  demonstrate  significant 
improvements.  The  lack  of  adequate  understanding  of  the  mechanisms  involved  is  a 
deterrent  factor  in  achieving  maximum  effectiveness  in  every  gun  barrel. 

The  challenge  of  using  chemistry,  physics,  and  materials  science  to  resolve 
this  age-old  problem  and  to  establish  a  greater  cooperation  between  the  users. 
Industries,  and  the  R&D  Community  does  exist. 

In  view  of  the  above  considerations,  the  conclusion  is  that  more  work  is  re¬ 
quired  to  realize  and  perpetuate  past  years’  effort.  The  necessity  of  further  in- 
depth  investigation  of  the  above  is  well  Justified  by  the  scenario  of  Air  Land 
Battle  2000,  for  which  successful  materialization  of  advanced  concepts,  such  as 
ICAS,  DSWS,  hypervelocity  light  weight  guns  (MFCS),  rapid  fire  (DIVAD),  and  air¬ 
craft  guns,  etc.  must  be  developed  in  the  1990’s.  It  is  easy  to  visualize  that 
every  increment  in  muzzle  velocity,  rate  of  fire,  or  range  will  result  in  increase 
in  erosion.  Therefore,  it  is  imperative  that  every  program  aimed  at  developing  an 
advanced  system  must  include  early  in  the  development  cycle,  some  provision  to  in¬ 
vestigate  effects  related  to  bore  erosion.  Furthermore,  a  steady  ROTE  activity 
must  be  maintained  to  continue  Improving  the  techniques  of  erosion  control  and 
overcoming  the  adverse  side  effects  of  erosion  on  the  performance  of  future  weapons. 


) 
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ABSTRACT 


The  GAU-8/A  Barrel  Life  Improvement 
Program  was  an  Air  Force  sponsored  pro¬ 
gram  to  determine  low  cost  barrel  modifica¬ 
tions  which  would  improve  barrel  life  and  am¬ 
munition  performance.  The  project  entailed 
designing,  building,  and  testing  several 
modified  barrels.  The  significant  modifica¬ 
tions  to  these  barrels  involved  changes  to  rifl¬ 
ing  twist,  bore  coating,  and  number  of  lands. 
The  following  discussion  concerns  two  aspects 
of  the  program:  1)  microflash  photography, 
and  2)  metallographic  results  of  selected  bar¬ 
rels. 
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INTRODUCTION 


Microflash  photography  and  metallography  of  sections  from  worn  barrels  are  two  essential  means  of 
evaluating  barrel  and  bore  coating  performance,  respectively,  which  this  paper  will  discuss.  More  details 
regarding  the  overall  program  are  covered  in  the  paper  entitled  GAU-8/A  Barrel  Life  Improvement  Pro¬ 
gram  by  (1)  Messr’s  Jenus,  Perrin,  and  Duke.  Microflash  photography  is  especially  useful  for  the  GAU-8/A 
barrel,  because  the  GAU-8/A  barrel  does  not  exhibit  significant  velocity  drop  throughout  its  useful  life. 
This  characteristic  deprives  the  evaluator  of  a  relatively  simple  and  straightforward  parameter  by  which  to 
judge  barrel  performance  or  condition.  Instead,  attention  must  be  given  to  the  condition  of  the  rotating 
band,  the  degree  of  body  engraving  on  the  projectile,  the  spin  rate  of  the  projectile,  the  magnitude  of  the 
projectile  yaw,  and  the  projectile’s  general  appearance  or  structural  soundness.  Microflash  photographs  of 
individual  projectiles  during  firing  provide  this  information  and  were  used  extensively  during  the  GAU-8/A 
Barrel  Life  Improvement  Program. 

Post  life  metallography  of  barrel  cross  sections  was  also  used  during  this  program  to  examine  the 
behavior  of  the  different  coatings.  After  all  fire  testing  was  complete  on  the  experimental  barrels,  each  bar¬ 
rel  was  sectioned  at  several  locations  and  micrographs  were  made.  These  micrographs  were  beneficial  in  il¬ 
lustrating  the  strengths  and  weaknesses  of  the  particular  coatings,  providing  a  good  supplement  to  the 
general  appearance  appraisal  made  with  the  borescope. 


MICROFLASH  PHOTOGRAPHY 

Microflash  photographs  can  be  taken  during  single  shot  firing,  where  long  burst  firing  can  be  simulated 
by  preheating  the  barrel  to  a  high  temperature,  or  during  burst  firing  to  guarantee  authenticity  of  the 
operating  environment  and  the  resulting  projectile  behavior.  Burst  fire  microflash  photography  is  of 
greatest  value  when  studying  an  infrequent  or  intermittent  failure,  such  as  windscreen  losses.  Both  single 
shot  and  burst  fire  techniques  were  used  during  the  program. 

Briefly,  microflash  photography,  whether  single  shot  or  burst  fire  is  accomplished  in  the  following 
manner.  Two  cameras,  polaroids  for  single  shot  and  movie  cameras  for  burst  fire,  are  mounted  to  the  side 
of  the  projectile  path  in  a  partitioned  box.  The  box  provides  the  dark  enclosure  necessary  to  allow  the 
camera  shutters  to  be  kept  open  as  the  projectiles  pass.  Two  flash  units,  one  for  each  camera,  provide  the 
light  necessary  for  photographing  the  projectiles.  The  box  partition  acts  as  a  light  shield  isolating  each 
camera.  A  scale  is  stretched  between  the  cameras  to  allow  the  photographs  to  show  projectile  displacement 
between  the  successive  photographs.  A  ballistic  screen  which  acts  as  a  triggering  mechanism  is  mounted  in 
the  front  of  the  box.  This  arrangement  is  depicted  schematically  in  Figure  1.  Figure  2  provides  a  flow  chart 
showing  the  sequence  of  events  in  the  microflash  photographic  process.  The  main  points  are  when  the  trig¬ 
ger  is  depressed,  the  shutters  open  and  the  gun  fires.  As  the  projectile  passes  the  ballistic  screen  it  initiates  a 
signal  which  fires  each  flash  unit  at  the  appropriate  time  when  the  projectiles  pass  in  front  of  the  cameras. 
The  motion  of  the  projectile  is  stopped  by  the  very  short  duration  of  the  flash. 

Figures  3  through  8  provide  examples  of  the  types  of  information  available.  These  particular  examples 
are  from  single-shot  firing,  but  similar  data  can  be  obtained  during  burst  firing,  however,  in  the  form  of  a 
movie  instead  of  snapshots.  Figure  3  shows  an  example  of  how  the  microflash  photographs  can  be  used  to 
determine  rotating  band  condition.  This  particular  photograph  shows  band  chunking  of  a  Honeywell 
rotating  band.  However,  such  photographs  are  also  useful  in  showing  the  severity  of  band  wear  or  in¬ 
dicating  if  the  projectile  is  fully  spun  as  shown  by  Figure  4.  Figure  5  illustrates  body  engraving  which  was 


one  of  the  particular  areas  of  concern  addressed  during  the  program.  Figure  6  shows  a  projectile  which  has 
lost  its  windscreen.  A  severe  yaw  caused  by  failure  to  be  fully  spun  is  shown  in  Figure  7.  The  method  of 
determining  spin  rate  is  depicted  by  Figure  8.  This  figure  shows  two  photographs  of  the  same  projectile 
taken  a  number  of  inches  apart.  The  lines  painted  on  the  projectile  can  be  used  to  determine  the  amount  of 
rotation  which  has  taken  place.  Knowing  the  amount  of  rotation  which  has  occurred  in  a  certain  distance 
allows  for  the  determination  of  actual  spin  rate.  Actual  spin  rate  when  compared  to  the  spin  rate  which 
should  exist,  is  the  most  valuable  indicator  of  GAU-8/A  barrel  condition. 

Such  detailed  projectile  behavior  and  condition  data  obtained  both  through  single  shot  and  burst  fire 
microflash  photography  is  necessary  to  the  determination  of  GAU-8/A  barrel  performance.  This  perfor¬ 
mance  data  can  then  be  related  to  the  extent  of  GAU-8/A  barrel  erosion.  This  correlation  has  formed  the 
basis  of  a  recommended  replacement  criteria  based  upon  borescope  inspection. 


METALLOGRAPHIC  RESULTS 

Several  internal  modifications  were  tested  during  the  GAU-8/A  Barrel  Life  Improvement  Program. 
Primary  variations  among  those  tested  were  as  follows: 

1)  Incoloy  903  barrel  steel, 

2)  Nitriding  and  high  contraction  (HC)  chromium  plate, 

3)  Additional  lands, 

4)  Low  contraction  (LC)  chromium  plate, 

5)  Duplex  chromium  plate  (a  2  mil  layer  of  LC  chromium  under  5  mils  of  HC  chromium), 

6)  Thick  HC  chromium  plate. 


Figures  9  through  28  are  intended  to  provide  an  indication  of  the  relative  success  and  salient  failure 
modes  of  each  variation.  However,  before  these  details  are  discussed,  it  may  be  illustrative  to  compare 
Figures  9,  10  and  1 1 .  Figure  9  shows  the  extensive  erosion  which  is  experienced  in  a  20-mm  M61  barrel  while 
still  functional.  Figures  10  and  1 1  show  the  relatively  minor  amount  of  erosion  at  the  initiation  of  rifling  and 
down  barrel,  respectively,  which  requires  barrel  replacement  in  a  GAU-8/A  weapon.  A  GAU-8/A  projectile 
with  plastic  rotating  band  can  tolerate  much  less  erosion;  fortunately,  it  also  causes  less  erosion,  at  least 
with  a  mild  firing  schedule. 

Figures  12  and  13  provide  graphic  evidence  of  the  poor  performance  of  the  unplated  Incoloy  903  barrel 
after  only  400  barrel  rounds.  Figure  12  is  a  view  near  the  initiation  of  rifling  showing  how  the  rifling  has 
been  nearly  entirely  removed  with  only  rounded,  slightly  raised  lands  remaining.  The  surface  also  exhibits 
extensive  grain  boundary  cracking.  Figure  13  shows  in  detail  this  mode  of  deterioration,  intergranular 
cracking.  IN  903  is  known  to  be  quite  sensitive  to  grain  boundary  oxygen  embrittlement,  and  this  is  believed 
to  be  the  primary  motivator  leading  to  the  barrel’s  early  failure. 

The  nitrided  and  HC  chromium  plated  barrel  exhibited  some  interesting  results  also.  These  results  in¬ 
cluded: 

1)  Absence  of  groove  pitting, 

2)  Large  spots  of  chrome  plating  flaking  off, 

3)  Deeper  barrel  steel  cracking, 

4)  Relatively  severe  erosion  at  the  initiation  of  rifling. 


11-74 


Groove  pitting  is  a  common  occurrence  in  GAU-8/A  barrels,  as  shown  in  Figure  14;  however,  there 
/  was  a  noticeable  lack  of  such  pitting  in  the  nitrided  and  HC  chromium  plated  barrel  as  seen  by  Figure  15. 
Down  barrel  (about  30  inches)  large  areas  of  chromium  plate  loss  did  occur  in  the  grooves.  This  is  shown  in 
Figure  16.  It  is  believed  that  less  than  optimum  surface  activation  prior  to  plating  was  the  cause  for  this 
failure.  All  barrels  experience  cracks  which  penetrate  the  plating  into  the  barrel  steel.  The  cracks  in  the 
nitrided  barrel  like  those  shown  in  Figure  17  were  about  twice  as  deep  as  in  the  unnitrided  barrels.  Erosion 
at  the  intiation  of  rifling  was  also  more  severe  due  perhaps  to  the  brittleness  of  the  nitrided  steel.  A  land 
which  has  completely  cracked  away  is  shown  in  Figure  18. 

One  general  observation  made  during  the  program  was  that  adding  additional  lands  generally  led  to 
greater  erosion.  Figure  19  illustrates  this  behavior. 

LC  chromium  plate  appeared  to  demonstrate  at  least  one  real  positive  feature— extremely  tenacious 
adherence  to  the  underlying  barrel  steel.  Unfortunately,  the  LC  chromium  also  allowed  land  flattening  to 
occur.  Figures  20  and  21  compare  sections  taken  at  the  same  location  of  two  barrels-one  plated  with  LC 
chromium  and  the  other  with  HC  chromium.  The  barrels  were  in  the  same  firing  cluster  which  insures  iden¬ 
tic^  firing  treatment.  As  evident  in  the  figure,  the  rifling  with  HC  chromium  plating  did  not  distort  and  the 
rifling  with  LC  chromium  plating  did  distort.  Softening  of  the  LC  chromium  was  also  measured  down  bar¬ 
rel.  Prefiring  hardness  was  about  55  and  post-life  hardness  was  measured  at  about  35  Rp.  Softening  of 
the  HC  chromium  is  not  usually  detected  in  GAU-8/A  barrels. 

The  duplex  coating  of  LC  and  HC  chromium  also  showed  promise.  Figure  22  shows  the  relative 
thickness  of  the  two  layers.  However,  it  suffered  from  the  same  drawbacks  as  the  lone  LC  chromium 
coating;  primarily,  land  swaging  and  chrome  softening.  Figure  23  provides  another  example  of  this.  It  did, 

.  however ,  also  exhibit  the  same  tenacious  adherence  as  the  other  LC  coatings.  Frequently  when  chrome  loss 

occurred,  separation  took  place  in  the  barrel  steel,  not  at  the  steel  chrome  interface.  This  is  illustrated  in 
Figure  24.  Another  unique  feature  of  this  coating  was  the  crack  blunting  which  occurred  when  the  cracks  in 
HC  chromium  reached  the  LC  chromium  as  shown  in  Figure  25.  This  duplex  plating  ranked  second  best  of 
the  coatings  tested,  second  to  thick  HC  chromium  plate. 

The  thick  HC  chromium  plate  was  nothing  more  than  an  increase  from  a  standard  4  mils  of  HC 
chromium  plating  to  10  mils  of  HC  chromium  plating.  Generally,  it  remained  on  the  rifling  longer  and  pro¬ 
tected  the  rifling  better  by  preventing  land  swaging.  Throughout  the  program  barrels  with  HC  chromium 
plate  consistently  evidenced  less  erosion  at  the  initiation  of  rifling  and  less  down  barrel  edge  chromium  loss. 
For  instance,  compare  Figure  26  with  Figure  27.  These  sections  were  taken  at  20  inches  from  the  breech  in 
two  barrels  fired  in  the  same  cluster.  Figure  26  shows  the  thick  HC  chromium  plating  and  Figure  27  shows  a 
barrel  with  standard  thickness  chromium  plating.  One  negative  feature  of  the  thick  chrome  which  didn’t  ap¬ 
pear  to  have  any  functional  affect  is  shown  in  Figure  28.  Down  barrel  many  large  spots  of  chromium  plating 
were  missing  from  the  groove  surface. 


CONCLUSIONS 

1)  Both  burst  fire  and  single  shot  microflash  photography  are  useful  and  essential  to  GAU-8/A  barrel 
performance  evaluation. 

2)  Thick  HC  chromium  provides  the  best  erosion  protection  for  the  GAU-8/A  barrel  of  the  variations 
tested. 
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Figure  1.  Schematic  arrangements  of 
photographic  box. 
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Figure  2.  Sequence  of  events  for  microflash 
photographic  process. 
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Figure  8.  Successive  Photographs  Used  to  Determine  Spin  Rate 


Figure  10.  Typical  GAU-8/A  Initiation  of  Rifling 
Krosion. 
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Figure  14.  View  of  a  Barrel  Exhibiting  Typical 
Chrome  Plate  Pitting  in  the  Grooves. 


Figure  15.  View  Similar  to  that  of  Figure  12 
Showing  Absence  of  Pitting  in  the  Grooves  of  Nitrid- 
ed  Barrel, 
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Figure  16.  Top,  Macrograph  of  Groove  Plating 
Failure  in  Nitrited  Barrel  33”  from  Breech  End;  Mid¬ 
dle  &  Bottom,  Cross-sections  Showing  Closer  Detail 
of  Chrome  Plate  Failure. 


Figure  18.  Cross-section  at  Initiation  of  Rifling 
from  Breech  End  in  Nitrided  Barrel. 


Figure  17.  Top,  Typical  Crack  Pattern  at  7” 
from  Breech;  Middle,  Typical  Crack  Pattern  in  Rifl¬ 
ing  Groove.  Crack  Length  Reflects  Total  Radial 
Penetration;  Bottom,  Large  Crack  Linder  Rifling 
Land,  Drive  Side,  Growing  In  Circumferential  Direc- 


Figure  19.  Cross-sections  Taken  at  20”  from 
Breech  End  of  4  Barrels  Fired  Together.  Number  of 
Lands  Varies,  going  clockwise,  by  20,  22.  24.  and  28. 


t  Taken  Near  Initiation 

of  Rifling  of  Duplex  Plated  Barrel  Showing  Relative 
Thicknesses  of  LC  and  HC  Plating  Layers. 
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Figure  23.  Cross»section  Taken  af  30”  from 
Breech  of  Duplex  Chrome  Barrel. 


Figure  25.  Example  of  Crack  Blunting  Which 
Occurred  as  Cracks  in  HC  Chromium  Reached  the 
LC  Chromium  Layer. 


Figure  24.  Top,  Example  of  Erosion  Parallel  to 
Bore  Surface  in  the  Barrel  Steel  Instead  of  at  the 
Chrome/Steel  Interface;  Bottom,  Example  of  Typical 
Attack  at  Chrome/Steel  Interface. 
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Figure  26.  Cross-section  Taken  at  20”  from 
Breech  End  of  a  Thick  HC  Chromium  Plated  Barrel. 
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Figure  27.  Cross-section  Taken  at  20”  from 
Breech  End  of  a  Standard  Barrel. 


(U)  WHITE  LAYER  DEVELOPMENT  ON  GUN  STEEL  IN  BALLISTIC  COMPRESSOR  TESTS 

R.  J.  Arnott 
W.  J.  Croft 
L.  A.  Shepard 
AMMRC 

Watertown,  Massachusetts  02172 
ABSTRACT 

Short,  bored  gun  steel  cylinders  were  fired  in  the  Calspan  ballistic  compres¬ 
sor  using  gas  mixtures  of  argon  with  either  N2,  CO  plus  N2,  or  CO.  Firing  tem¬ 
peratures  and  pressures  matched  actual  gun  propellant  detonation.  Cylinder 
sections  were  studied  by  microprobe,  microscope  and  X-rays. 

Specimens  fired  in  CO  containing  atmospheres  exhibited  a  multiphase  outer 
white  layer  and  an  austenitic  inner  white  layer  over  the  heat  affected  zone.  The 
alloy  content  of  the  outer  white  layer  was  the  same  as  the  steel.  However,  the 
chromium  and  manganese  content  of  the  inner  white  layer  was  reduced  to  less  than 
10^  of  the  original  values.  Speculation  as  to  the  cause  and  effect  of  the  changes 
are  offered. 


INTRODUCTION 

This  is  a  study  of  the  surface  effects  of  hot  gas  erosion  on  gun  tube  steels. 
The  samples  were  tested  in  the  Calspan  ballistic  compressor  (1)  a  unit  designed  to 
simulate  gun  barrel  erosion  under  controlled  atmosphere,  pressure  and  heat  flux. 
The  compressor  design  was  modeled  to  match  the  pressure-time  curve  of  an  eight 
inch  howitzer  over  a  range  of  firing  conditions. 

The  processes  and  effects  by  which  hot  gases  cause  gun  tube  erosion  were 
summed  very  succinctly  by  Ahmed  (2).  To  paraphrase  his  review  for  single  based 
propellant  gases,  the  heat  and  pressure  cycling  produces: 

a.  The  thermally  altered  layer  (heat  affected  zone)  cycled  through  the 
austenite-martensite  transition . 

b.  The  austenitic  inner  white  layer,  stabilized  by  carbon  and  nitrogen,  and 
occasionally  partially  melted. 

c.  The  multiphased  outer  white  layer  consisting  of  carbides,  nitrides, 
austenite  and  martensite. 

The  inner  white  layer  forms  before  the  outer.  Dissolved  carbon  lowers  the 

melting  point  of  the  steel  and  molten  products  are  swept  away. 

The  studies  of  Kamdar,  Campbell  and  Brassard  (3)  simulating  gun  erosion 
effects  and  the  careful  and  sophisticated  examination  of  their  samples  by  Fisher 
and  Szirmae  (4)  brought  additional  insight  to  the  erosion  process.  The  outer 
white  layer  (formed  under  carbonaceous  gas)  proved  to  be  a  solidified  melt  layer 
of  cementite  dendrites  with  pools  of  partially  transformed  austenite.  The  inner 
white  layer  was  coarse  grained  austenite  with  cementite  in  the  grain  boundaries. 
Between  that  and  the  heat  affected  zone  was  a  lower  carbon  austenite-martensite 
Approved  for  public  release;  distribution  unlimited 
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layer.  Thus,  the  outer  white  layer,  the  melt  layer  is  reasonably  formed  after  the 
inner  austenitic  white  layer. 

In  both  of  the  above  studies  the  surface  effects  in  actual  gun  barrels'were 
compared  with  the  simulated  erosion  samples.  Fisher  and  Szirma e  (4)  concluded 
that  both  melt  and  wipe-off  and  the  cracking  caused  by  surface  intrusion  of  the 
low  melting,  high  carbon  iron  are  responsible  for  the  erosion. 

The  Calspan  ballistic  compressor  studies  (5^6,7)  are  a  series  of  well 
designed  and  controlled  tests  to  relate  gas  chemistry  and  thermodynamics  to  gun 
tube  erosion.  The  samples  studied  here  were  tested  in  an  investigation  of  the 
role  of  carburization  on  erosion,  reported  by  Morphy  and  Fisher  (6).  They  were 
fired  in  gas  mixtures  containing  argon  and  either  CO  plus  or  CO. 

Specimens  were  60  degree  segments  of  the  Calspan  Shock  Tube  Gun  Samples, 
cylinders  1-1/2  inches  long  and  1-1/4  inches  in  diameter  with  a  1/2  inch  drilled 
bore  and  a  polished  radius  inlet  (Fig  1).  They  were  prepared  from  hardened  and 
tempered  4340  steel,  and  kindly  provided  by  Dr.  Joseph  A.  Lannon,  Chairman, 
AARADCOM  Erosion  and  Wear  team. 

One  might  wonder,  in  view  of  our  present  knowledge  of  surface  effects  in  gun 
tube  erosion,  whether  there  is  more  to  be  learned  from  this  type  of  study.  From 
the  questions  that  arose  in  the  present  work,  the  answer  appears  to  be  "yes”. 

EXPERIMENTAL  PROCEDURE 

Examples  of  the  four  basic  types  of  sample  erosion  conditions  investigated  in 
the  Calspan  tests  (6)  were  selected  for  study.  The  remaining  gas  in  each  case 

45*5^  N^,  considered  chemically  inert. 

High  temperature  and/or  considerable  mass  loss,  10^  CO 
Carburizing  gas  mixtures  containing  either  45-5^  CO  or  45*5% 

(CO  plus  N^)  in  several  ratios 

Carburizing  gas  mixture  with  slightly  increased  pulse  duration 
{45*5%  CO  plus  4%  He). 

The  temperature,  pressure  and  mass  loss  for  the  fifteen  specimens  tested  are 
given  in  Table  I. 

The  bore  surfaces  were  first  studied  at  low  magnification  and  then  examined 
in  the  microprobe  at  1mm  intervals.  Variations  of  nickel,  chromium  and  manganese 
content  along  the  surface  were  measured.  Surface  phases  were  determined  by  X-ray. 
Then  the  samples  were  mounted  and  polished  for  microscopic  study  of  the  bore  edge, 
further  microprobe  study  and  microhardness  measurements  of  prominent  features. 

Because  surface  curvature  reduces  the  microprobe  count,  measurements  were 
initiated  at  4  to  5  inm  from  the  polished  radius  inlet  end  and  followed  the  bore 
centerline.  Counts  of  iron,  nickel,  chromium  and  manganese  were  made,  as  much  as 
possible,  at  the  same  spot.  A  pure  standard  was  counted  each  time  the  specimen 
was  traversed.  Each  reading  is  an  average  of  two  or  more  values.  The  measurement 
error  was  estimated  to  be  +  5%>y  increasing  somewhat  f'or  very  small  values. 


was  argon. 

(1) 

(2) 

(3) 

(4) 
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Table  I.  Calspan  Shock  Tube  Gun  Test  Conditions 
for  Specimens  Examined  (Reference  6) 


3ec.  No. 

Active  Gas 

Peak  Gas 
Press.  (MPa) 

Peak  Gas 
Temp .  ( K ) 

Mass  Loss 
(mg) 

Heat  Input 
( j/mm^) 

30 

lO^CO,  s%\ 

224 

5007 

630 

1.29 

35 

lO^CO,  Sfo^t 

232 

3352 

694 

1.17 

39a 

30.5^CO,15^N2 

288 

3660 

166 

1.05 

40 

45.5^N_ 

208 

3355 

3(incr) 

1.12 

41 

11  ^ 

285 

3678 

112 

1.26 

42 

II 

335 

3865 

267 

1.23 

43 

45.5^C0 

277 

3588 

226 

1.31 

44 

II 

245 

3462 

124 

— 

45 

II 

213 

3322 

2 

— 

48 

10^C0,35.5^N 

296 

3711 

123 

— 

50 

20.5^C0,25^N^ 

287 

3665 

244 

1.12 

52 

45.5^C0,  4^He 

250 

3479 

110 

1.12 

54 

II 

236 

3422 

98 

1.15 

55 

II 

219 

3351 

97 

1.10 

57 

II 

210 

3268 

20 

1.14 

The  microprobe  measurement  of  the  standard  composition  of  the  4340  steel  used 
for  these  samples,  averaged  over  20  readings,  is: 

Table  II. 

Element  Ni  Cr  Mn 

Atom  %  1.52+.05  0.95+.05  0.83+.05 

Too  little  molybdenum  is  present  to  measure  compositional  variations,  and  this 
probe  cannot  read  the  lighter  elements. 

EXPERIMENTAL  RESULTS 

Low  magnification  study  of  the  bore  surfaces.  Fig.  1,  shows  that  surface 
melting  occurred  in  all  specimens  examined.  Specimen  40^  for  example,  one  of 
the  samples  showing  the  least  mass  loss,  exhibits  a  melt  smoothing  near  the  inlet 
and  a  decrease  in  the  number  and  depth  of  drill  grooves.  At  intermediate  tem¬ 
peratures,  some  of  the  machining  grooves  were  deepened  by  erosion,  and  high 
temperature  and  large  melt  loss  produced  a  completely  smooth  surface. 

Microprobe  measurements  of  nickel,  chromium  and  manganese  content  along  the 
bore  surfaces  of  five  representative  samples  are  shown  in  Fig.  2.  The  normal 
content  of  each  element  is  shown  at  the  ordinate. 

Specimen  40  is  typical  of  samples  fired  in  N^.  The  Ni,  Cr  and  Mn  contents 
remained  constant  along  the  entire  bore,  within  experimental  error,  and  unchanged 
from  the  nominal  composition. 

Note  also  that  the  Ni  content  of  all  samples,  whether  in  N^  or  CO  atmospheres, 
remained  essentially  constant  and  unchanged.  A  Ni  decrease  of  as  much  as  12^  was 
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often  recorded  on  the  first  reading. 

In  a  CO  atmosphere,  the  bore  surface  concentrations  of  Cr  and  Mn  exhibited 
considerable  variation.  Measurements  fluctuated  from  the  nominal  Cr-Mn  contents 
down  to  as  low  as  S%  of  those  values.  In  general,  low  values  were  recorded  for 
first  readings  at  4  or  5  nun  from  the  inlets  concentrations  increased  in  the  7  to 
12  mm  region,  and  then  declined  again  toward  20  mm  .  Concentration  peaks  were 
frequently  recorded  as  in  sample  57  at  16  and  20  mm. 

The  only  exception  to  this  general  trend  in  CO  was  Specimen  54.  The  Cr-Mn 
concentration  was  almost  uniformly  high,  and  close  to  the  nominal  composition. 

Microexamination  of  the  surfaces  on  edge  showed  the  expected  differences 
between  samples  fired  in  N2  and  CO  gas.  For  N2  gas,  the  heat  affected  zone 
extended  right  to  the  bore  surface.  For  CO  gas,  both  a  continuous  white  layer  of 
varying  thickness,  and  a  discontinuous  melt  layer  covered  the  heat  affected  zone. 

In  most  cases,  for  CO  containing  gases,  the  white  layer  was  about  lym  thick 
near  the  inlet,  1/2  tm  in  the  7  to  12  mm  region  and  increasing  to  1  to  2pm  beyond. 
For  samples  52  to  57 ,  the  4^  He  addition  in  the  gas  increased  the  pulse  length 
and  raised  the  surface  temperature.  These  samples  exhibited  a  10  to  20pm  thick 
white  layer,  starting  3  nun  from  the  inlet,  extending  roughly  2  mm  and  thinning 
rapidly  thereafter,  Fig.  3. 

The  melt  layer,  blown  down  the  tube,  deposited  over  the  white  layer  in 
machining  grooves  and  irregularities.  Fig.  4a.  The  deposit  is  porous  and  dendri¬ 
tic,  Fig.  4b,  and  probably  consists  of  the  mixture  of  carbides,  austenite  and 
martensite  noted  by  Ahmed  (2)  and  Fisher  (4).  At  the  highest  temperature  and 
pressure  (eg.  sample  30)  no  melt  layer  was  retained.  Usually,  however,  it  was 
found  in  grooves  beyond  10  mm,  and  often  as  a  continuous  layer  beyond  30  mm. 

The  mystery  of  the  varying  surface  composition  was  unraveled  when  it  was 
realized  that  a  point  by  point  correlation  exists  between  the  Cr— Mn  variation 
and  the  white  layer  -  melt  layer  distribution.  Where  the  white  layer  is  l-2pm  or 
thicker,  the  Cr-Mn  content  of  the  surface  decreases  toward  zero.  However,  the 
microprobe  beam  has  a  penetration  depth  of  about  a  micrometer.  Therefore,  for  a 
1/2  pm  white  layer  thickness,  the  beam  penetrates  to  the  heat  affected  zone 
resulting  in  a  higher  average  Cr-Mn  reading.  This  behavior  is  seen  in  Specimen  30, 
Fig.  2  where  the  white  layer  thins  in  the  4  to  8  mm  region  and  thickens  beyohd, 
and  to  a  lesser  extent,  in  Specimen  50. 

Where  the  melt  layer  covered  the  white  layer,  the  surface  concentration  of 
Cr-Mn  approached  that  of  the  steel.  For  example,  in  Specimen  57,  pools  of  melt 
formed  in  the  grooves  at  15.4  and  19.3  mm,  and  an  increased  Cr-Mn  concentration 
is  observed  at  these  points.  Specimen  54  is  an  unusual  case  where  a  well 
developed  white  layer  is  covered  by  a  melt  layer  from  6.6  mm  on,  resulting  in  an 
almost  uniformly  high  Cr-Mn  surface  content. 

Microprobe  measurements  of  composition  of  the  white  and  melt  layers  in  edge 
section  corroborated  these  conclusions.  Because  of  the  beam  width,  observations 
were  confined  to  selected  areas  over  5Mni  thick;  the  thick  white  layer  near  the 
inlets  of  samples  54,  55  and  57,  and  the  melt  layer  groove  pools  and  a  large  melt 
bead  on  sample  45.  However,  the  presumption  that  these  results  are  also  valid  for 
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thinner  layers  is  in  keeping  with  the  overall  observations. 

The  white  layer  was  found  to  contain  less  than  10%  of  the  original  Cr  and  Mn 
content  of  the  steel.  The  Ni  content  was  imchanged.  The  alloy  content  "of  the  melt 
layer,  on  the  other  hand,  was  the  same  as  the  steel  (but  the  carbon  content  was 
probably  much  greater). 

The  white  layer  from  X-ray  and  microhardness  measurements,  proved  to  be  a 
comparitively  soft,  stabilized  austenite,  in  keeping  with  previous  observations 
(2,3,4) •  The  hardness  of  the  melt  layer  matched  that  of  the  heat  affected  zone; 
both  were  greater  than  the  tempered  in  artensite  interior. 

Surface  X-rays  of  samples  fired  in  both  N_  and  CO  showed  a  roughly  50-50 
mixture  of  austenite  and  martensite.  Thus,  within  the  penetration  depth  of  the 
X-rays,  about  5yni,  austenite  is  stabilized  by  the  diffusion  of  either  N2  or  CO. 

DISCUSSION 

Explanation  of  the  experimental  results  should  allow  the  rationalization  of 
the  following  points: 

a.  How  are  Cr  and  Mn  depleted  in  the  white  layer  while  the  Ni  content 
remains  constant? 

b.  Why  are  Cr  and  Mn  lost  in  the  white  layer  but  not  in  the  melt  layer? 

c.  Since  surface  austenite  is  stabilized  in  both  CO  and  N2  atmospheres,  why 
isn't  a  white  layer  observed  on  samples  tested  in  N2? 

A  most  attractive  solution  to  the  problem  of  white  layer  formation  fulfills 
the  above  criterion  and  is  in  agreement  with  Ahmed's  review  (2)  cited  in  the 
introduction.  It  is  proposed  that  both  the  white  and  melt  layers  grow  from  the 
high  carbon  surface  melt  with  partitioning  of  the  solutes.  The  thick  white  layer 
portion  of  Specimen  54  which  seems  to  have  been  caught  in  this  growth  process.  Fig. 
5,  is  offered  as  evidence.  The  stout  austenite  dendrites  grow  from  the  surface, 
and  the  randomly  nucleated  melt  is  frozen  above. 

In  sequence,  the  temperature-pressure  pulse  produces  a  liquid  phase  with  a 
high  dissolved  carbon  content.  The  austenitic  heat  affected  zone  offers  the 
source  for  austenite  nucleation  from  the  molten  surface  layer.  Closely  spaced, 
thick  dendrites  grow  rapidly  into  the  melt  due  to  the  large  temperature  gradient. 
The  carbide  formers,  Cr  and  Mn  are  rejected  into  the  high  carbon,  low  melting 
point  liquid;  Ni,  the  austenite  stabilizer  is  retained  in  solution  in  the  growing 
dendrites.  The  liquid  is  blown  down  the  tube. 

The  white  layer  forms  in  CO  because  of  the  large  melting  point  depression 
associated  with  dissolved  carbon.  Solution  of  nitrogen  in  steel  does  not,  as  far 
as  can  be  determined,  greatly  lower  the  melting  point. 

If  the  above  explanation  were  correct  in  every  detail,  an  elevated  Cr-Mn 
content  would  be  found  in  the  melt  layer.  This  is  not  generally  true,  although 
occasional  spots,  high  in  Mn  were  observed  beyond  10  mm. 
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CONCLUSIONS 


White  layer  development  was  studied  in  4340  steel  ballistic  compressor 
specimens  fired  above  the  surface  melt  temperature  in  CO  containing  gases.  Phase 
and  composition  changes  were  identified  by  microscope^  microprobe  and  X-rays.  The 
following  conclusions  were  reached  from  the  study. 

1.  The  austenite white  layer  which  covers  the  heat  affected  zone  contains  the 
normal  Ni  content  but  less  than  S%  of  the  original  Cr  and  Mn  content  of  the  steel. 

2.  The  high  carbon^  dendritic  melt  layer  which  solidifies  discontinuously 
over  the  white  layer  contains  the  same  Ni,  Cr  and  Mn  content  as  the  steel. 

3»  The  composition  difference  between  the  two  layers  probably  arises  from 
the  partitioning  of  the  Cr  and  Mn  into  the  lower  melting  carbide  liquid.  The 
austenite  retains  the  Ni  in  solution  as  it  solidifies. 
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Figure  1.  Macrographs  of  specimens  40  (top),  44,  and  30  showing 
progressive  erosion  with  increasing  temperature. 
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Specimen  40 
45.5%  N2 
P  =  208  MPa 
Tc  =  3355OK 
Mass  Gain  =  3  mg 


Specimen  30 
10%  CO  5%  No 
P  =  224  MPa 
Tc  =  5007OK 
Mass  Loss  =  630  mg 


Specimen  50 
20.5%  CO  25%  N2 
P  =  287  MPa 
Tc  =  36650k 
Mass  Loss  =  244  mg 


Figure  2a.  Variation  in  surface  concentration  of  Ni,  Cr,  and  Mn 
simulated  gun  tube  erosion  samples. 
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Specimen  54 
45.5%  CO  4%  He 
P  =  236  MPa 
Tc  =  34220k 
Mass  Loss  =  98  mg 
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Specimen  57 
45.5%  CO  4%  He 
P  =  201  MPa 
Tc  =  32680k 
Mass  Loss  =  20  mg 


Figure  2b, 


Figure  4.  Melt  layer  deposit  over  white  layer  specimen  45. 
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Figure  5.  Thick  austenite  dendritics  growing  from  heat  affected  zone. 
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ABSTRACT 


The  bore  surface  region  around  the  gas  ports  of  test  fired  rapid  fire  27mm 
caliber  gun  barrels  was  metallographically  examined  by  the  tapered  section  technique. 
Unique  metallographic  features  were  recorded  by  optical  microscopy.  Scanning 
electron  microscopy  was  also  employed  wherever  edge  rounding  precluded  clear  focus¬ 
ing  by  optical  microscope  and  wherever  greater  clarity  could  be  obtained  at  high 
magnifications.  Notwithstanding  conditions  of  nonequilibriiun  rates  of  heating  and 
cooling  and  dissimilarities  in  the  degree  of  attack  between  regions  of  bore 
surface  near  the  breech  end  and  gas  port,  generalized  hypotheses  on  temperature 
effects  at  the  bore  surface  and  mechanisms  of  material  removal  in  unplated  high 
performance  cannons  are  presented.  Suggestions  for  future  work  are  indicated. 

INTRODUCTION 

The  bore  surface  of  a  rapid-fire  gun  barrel,  especially  near  the  breech  end, 
is  exposed  to  high  temperatures,  stresses  and  chemically  aggressive  environment. 
Rapid  heating  and  cooling,  repetitive  loading  and  the  chemical  reaction  of  pro¬ 
pellant  gases  with  the  barrel  material  contribute  to  severe  erosion  of  the  barrel. 
Metallurgical  examination  of  test-fired  barrels  by  visual  examination  of  the 
eroded  surface,  macroscopic  and  microscopic  observations  on  fractures  as  well  as 
polished  and  etched  sections,  microhardness  measurements  and  x-ray  and  elctron 
diffraction  techniques  have  been  used  in  the  past  to  identify  the  transformation 
products  of  the  barrel  material  in  the  eroded  region  of  the  barrel  (l)  and  (2)*. 

The  erosion  in  test-fired,  27  mm,  MRCA  barrels  were  metallographically  examined. 
The  barrel  had  no  surface  treatment  before  test  firing  and  was  made  of  low  alloy 
steel  (containing  about  0.35^  C,  3^  Cr,  1^  Mo  and  0.3^  v)  in  the  quenched  and 
tempered  condition.  The  thin  bore  surface  region  is  unetchable  in  the  presence 
of  the  base  material  and  is  entirely  too  thin  and  gets  a  bit  rounded  during 
polishing  to  allow  metallographic  characterization.  The  thickness  of  this  region 
is  about  10  microns.  The  numerous  and  complex  variables^all  simultaneously  in 
action  at  and  near  the  bore  surface  make  it  extremely  difficult  to  characterize 
the  damage  in  this  region.  The  small  thickness  available  for  conventional 

*  Numbers  in  parenthesis  indicate  references  at  the  end. 
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metallographic  preparation  does  not  help  the  situation.  And  yet,  this  is  the  most 
interesting  region  because,  this  is  the  layer  of  material  which  is  presented  to 
the  following  round. 

Tapered  section  metallography  of  the  bore  surface  to  enlarge  artificially  the 
bore  surface  region  is  an  improvement  over  conventional  sectioning  and  polishing. 

A  location  in  the  barrel  which  experiences  severe  erosion  is  where  the  hot  gases 
enter  the  gas  ports.  Gas  flow  patterns  and  stream  velocities  are  different  in 
this  region  from  those  near  the  breech  and  heat  flow  and  temperatures  attained  are 
bound  to  be  different:  yet  the  erosion  pattern,  though  more  severe,  is  not  unlike 
pockets  of  erosion  found  near  the  breech  end.  These  erosion  pockets  are  usually 
initiated  by  an  inhomogeneity  of  one  kind  or  another  which  results  in  partial  lack 
of  obturation  followed  by  streaming  of  hot  gases  past  the  projectile.  This 
accentuates  erosion  in  these  pockets.  Hence  for  reasons  of  understanding  erosion 
the  bore  surface  region  near  the  gasport  was  metallographically  examined  by  the 
tapered  section  technique. 


EXPERIMENTAL  TECHNIQUE 

Figure  1  is  a  photograph  of  the  gas  port  regions  of  two  barrels  of  the  27mm 
Gun,  one  of  which  had  experienced  a  lot  less  number  of  rounds  than  the  other.  The 
gas  port  region  of  a  barrel  which  had  experienced  number  of  rounds  somewhere  in 
between  those  of  Figure  1  was  subjected  to  detailed  metallography.  A  longitudinal 
specimen  containing  the  bore  surface  and  a  portion  of  the  gas  port  was  lightly 
polished  without  mounting  in  plastic.  The  rounding  effect  customary  in  metallog¬ 
raphy  was  enough  to  remove  the  oxide  film  on  the  curved  surface  around  the  gas 
port.  This  specimen,  when  etched,  allowed  an  examination  of  a  few  locations  by 
scanning  electron  microscope.  Then  the  specimen  was  mounted  and  progressively 
polished  and  etched  to  reveal  microstructural  details  around  the  gas  port.  The 
region  immediately  ahead  of  the  gas  port  turned  out  to  be  most  interesting. 

Standard  procedures  of  metallography  were  employed  to  record  the  details.  Wherever 
optical  focussing  was  limited  by  edge  rounding  or  when  higher  magnification  was 
necessary  for  clarification  scanning  electron  microscopy  was  employed.  A  schematic 
to  illustrate  the  application  of  tapered  section  technique  is  shown  in  Figure  2. 

METALLOGRAPHIC  OBSERVATIONS 

Figure  3  is  a  macrograph  of  the  highly  polished  and  etched  surface  of  the  un¬ 
mounted  specimen.  The  curvature  of  the  specimen  around  the  gas  port  precluded 
optical  metallography.  Figure  4  is  a  low  magnification  SEM  picture  which  shows 
from  right  to  left  the  unpolished  surface  with  oxide,  the  transition  and  the  sur¬ 
face  from  which  the  oxide  had  been  polished  away  and  the  bare  metal  etched. 

Figure  5  shows  two  SEM  photographs  of  the  latter  region  at  higher  magnifications. 
Melting  at  the  grain  boundary  and  contraction  and  separation  from  the  grain  are 
recognizable.  Also  noticeable  are  needles  of  martensite  within  the  grains  and 
microfissures  in  some  of  the  needles. 

Firuge  6  is  a  macrograph  of  the  surface  of  a  mounted,  polished  and  etched 
specimen  of  the  bore  surface  around  the  gasport.  The  direction  of  the  projectile 
travel  is  shown  to  clarify  orientation.  Figure  7  is  a  photomicrograph  at  lOOX 
of  the  region  indicated  by  a  rectangle  in  Figure  6.  The  top  edge  of  the  banded 
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region  shows  no  sign  of  grain  coarsening.  When  curvatures  and  magnifications  are 
accounted  for,  the  depth  location  of  the  top  of  the  banded  region  is  only  8-10 
microns.  The  material  at  this  depth  reacted  as  if  it  experienced  heating 'up  to 
complete  austenitization  of  this  steel  and  cooling  at  a  rate  rapid  enough  to  cause 
complete  martensite  to  form  in  the  alloy-rich  bands  (light)  and  lower  bainitic 
transformation  in  the  alloy-poor  bands  (dark). (3).  Figures  8  and  9  are  micrographs 
of  this  region  at  a  higher  magnification.  Micro  hardness  values  of  VPN  835  and 
685  vere  measured  for  the  light  and  dark  bands  respectively.  No  further  analysis 
of  this  region  vas  made.  The  rest  of  the  analysis  vill  deal  with  the  area  between 
the  top  of  the  banded  region  and  the  gasport  edge  of  the  specimen. 

Figures  8  and  9  are  good  examples  of  the  near  bore  surface  region  which,  under 
conventional  transverse  sectioning  metallography  would  have  appeared  as  the  un etch- 
able  bore  surface  layer  of  about  8-10  micron  thick.  Four  distinct  layers  or  sub- 
regions  can  be  identified.  The  region  closest  to  the  bore  surface  shows  severe 
grain  boundary  rupturing  and  a  network  of  precipitates  within  the  grains.  Figure 
10  shc>ws  two  SEM  photographs  of  this  layer  at  high  magnifications.  The  absence 
of  any  other  detail  in  this  layer  is  noteworthy.  A  similarity  with  the  micro¬ 
structure  of  sensitized  austenitic  stainless  steels  is  indicated.  (U). 

The  second  layer  is  similar  to  the  first  with  the  exception  of  the  presence  of 
streaks  of  about  0.8  micron  in  width  and  several  grain  diameters  in  length.  These 
streaks  or  needles  were  not  noticeable  in  the  unetched  specimen.  The  needles  were 
completely  unetchable.  They  run  through  grain  boundaries  without  changing  direction. 
Figure  12  is  a  photomicrograph  of  these  needles  when  the  specimen  was  etched  with 
an  etchant  containing  hydrogen  peroxide.  This  was  the  only  etchant  (5)  which 
showed  any  detail  at  all  inside  the  needles  other  than  their  clear  boundaries. 

Figures  13  and  l4  are  SEM  photographs  which  show  the  behavior  of  these  needles 
when  a  shear  or  a  rupture  runs  across  them.  Signs  of  deformation  (lips)  in  the 
needles  indicating  ductility  are  noticeable.  The  needles  are  not  wide  enough  to 
make  a  microhardness  indentation.  No  difference  in  the  chemical  compositions  of 
the  needles  from  the  surrounding  material  could  be  found  by  the  microprobe. 

In  an  attempt  to  identify  the  needles,  the  specimen  was  treated  in  vacuum  to 
5200c,  maintained  at  temperature  for  10  minutes  and  furnace  cooled.  The  specimen 
was  repolished  and  etched  with  picral.  Figure  15  is  photomicrograph  after 
’’tempering".  The  fact  that  after  "tempering"  the  needles  are  etchable  by  picral 
is  interesting.  An  SEM  photograph  after  gold  deposition  of  the  specimen  surface 
is  shown  in  Figure  16. 

The  third  layer  is  a  necklace  of  carbide  precipitation  clearly  noticeable  in 
Figure  9  (Sodium  Carbonate  Solution  etching)  and  the  next  layer  is  a  carbon 
depleted  layer,  again  clearly  recognizable  in  Figure  8  (picral  etching).  Micro¬ 
hardness  measurementw  with  25  gms  load  show  a  hardness  of  about  530VPN  between  the 
bore  surface  and  the  top  of  the  banded  region. 

DISCUSSION 

Heat  transfer  calculations  for  the  27mm  cannon  show  that  the  bore  surface  tem¬ 
peratures  could  easily  exceed  the  melting  point  of  the  steel.  The  thick  barrel 
wall  acting  as  a  heat  sink  and  the  exposure  of  the  thin  bore  surface  layer  to  the 
ambient  during  pauses  cause  rapid  cooling.  Analysis  of  propellant  gases  and 
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examination  of  the  "bore  surface  for  the  identification  of  chemical  elements  have 
shown  the  possibility  of  diffusion  of  nitrogen  into  the  bore  surface  (6),  Based 
on  these  facts  an  explanation  of  the  observed  metallographic  features  will  Ve 
attempted. 

The  grain  boundary  melting  is  caused  by  the  lowering  of  the  melting  point  of 
steel  by  either  the  diffusion  of  elements  like  nitrogen  and  carbon  or  segration  of 
minor  alloying  elements  (impurities,  S,  P  etc.,).  If  one  remembers  that  the  time 
interval  between  rounds  is  of  the  order  of  a  tenth  of  a  second  whereas  the  passage 
of  a  projectile  through  the  barrel  takes  only  a  couple  of  milliseconds,  one  can 
appreciate  how  the  molten  grain  boundary  region  can  cool  rapidly  enough  to  contract 
and  separate  from  the  grain.  It  is  also  clear  how  this  phenomenon  would  facilitate 
the  next  stream  of  gases  to  pull  grains  of  material  from  the  bore  surface.  The 
acicular  features  within  the  grains  show  microfissures  in  them.  They  are  identified 
as  martensitic  needles  formed  by  rapid  cooling  during  which  autotempering  could  not 
have  taken  place.  It  is  not  surprising  that  such  a  region  was  a  rare  find  because 
it  is  to  be  expected  that  such  regions  would  have  been  washed  out. 

The  top  of  the  banded  region  in  Figure  8  is  deemed  significant.  Because  of  the 
absence  of  grain  growth  and  the  presence  of  quenched  transformation  products  an 
estimate  of  about  900^0  at  a  depth  of  8-10  microns  from  the  bore  surface  is  hypothe¬ 
sized.  Equilibrium  rates  of  heating  and  cooling  are  not  experienced  by  the  cannon 
during  firing.  The  temperature  estimates  are  based  on  material  reaction  to  an 
environment.  Only  statements  such  as  ”the  material  reacted  as  if  it  was  exposed 
to"  are  possible.  Such  estimates  are  significant  to  the  barrel  material  developer. 

The  region  between  the  top  of  the  bands  and  the  bore  surface  is  a  layer  of 
steep  thermal  gradient  from  about  900^^0  to  the  melting  point.  The  high  temperature 
facilitates  diffusion  of  nitrogen  and  dissolution  rather  than  the  formation  of 
nitride.  Upon  cooling  the  high  concentration  of  nitrogen  stabilizes  austenite.  The 
material  damage  appears  as  typical  sensitization  with  the  alloy  carbides  segregating 
to  the  grain  boundaries  and  subgrain  boundaries.  The  formation  of  unetchable 
needles  with  thei!r  observed  characteristics  is  difficult  to  explain  without  further 
study.  Based  on  the  fact  that  tempering  rendered  them  etchable  by  simple  picral  it 
is  tempting  to  identify  them  as  martensite  of  some  form.  The  sequence  in  which  the 
reaction  products  formed  may  explain  why  grain  boundaries  are  discernible  within 
these  needles. 

The  formation  of  a  layer  rich  in  carbides  followed  by  a  layer  of  ferrite  rich 
region  near  the  bore  surface  suggests  the  possibility  of  uphill  diffusion  of  carbon. 
This  layer  is  bounded  on  one  side  by  a  nitrogen  rich  layer  and  on  the  other  a 
martensitic  layer.  The  diffusion  kinetics  in  this  region  is  complex,  to  say  the 
least.  Diffusion  kinetics  under  dynamic  conditions  need  to  be  understood  before  an 
explanation  can  be  offered.  Auger  analysis  and  high  resolution  microscopy  of  long¬ 
itudinal  fracture  in  this  region  will  go  a  long  way  toward  answering  several  j-'-ir  -  ’ 
questions . 

SUMMARY  AND  CONCLUSIONS 

Tapered  section  technique  was  applied  to  the  bore  surface  region  around  the 
gasport  of  a  27iimi  cannon  toward  metallographically  identifying  erosion  damage  at  and 
very  near  the  bore  surface.  The  technique  provided  an  enlarged  area  for  examination. 
Based  on  a  knowledge  of  the  service  environment  of  the  cannon,  an  explanation  of  the 
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observed  metallographic  features  has  been  offered^  Material  removal  by  grain 
boundary  melting  at  the  surface  and  sensitization  in  the  subsurface  is  postulated 
and  an  effective  temperature  of  about  900^C  at  a  depth  of  8-10  microns  below  the 
bore  surface  is  estimated. 


RECOMMENDATIONS  FOR  FUTURE  WORK 

1.  Similar  work  must  be  carried  out  on  specimens  from  cannons  which  have  expert'^ 
enced  different  number  of  rounds  of  fire,  but  at  the  same  schedule,  to  determine 
the  sequence  of  formation  of  the  phases, 

2.  Auger  electron  microscopy  and  fractography  of  a  longitudinal  fracture  of  the 
region  between  the  bore  surface  and  the  top  of  the  bands  will  be  useful. 

3.  Laboratory  controlled  experiments  in  which  steel  surface  could  be  heated  and 
cooled  repetitively  and  rapidly,  followed  by  careful  metallography  will  assist  the 
understanding  of  diffusion  kinetics  in  the  bore  surface  region, 
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Figure  1.  Appearance  of  the  gas  port 
region  of  two  test  fired  27iiirn  barrels. 


Figure  2.  Schematic  illustration  of  Figure  3.  Macrograph  of  gas  port  region, 
tapered  section  technique.  polished  and  etched. 
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Figure  h,  SEM  Photograph  of  region  A 
in  Figure  3. 


Figure  5-  Scanning  electron  micrographs 
of  the  edge  region  of  a  gas  port. 
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Figure  10.  Scanning  electron  micrograph 
of  the  "ruptured  grain"  layer. 
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Figure  l6.  Same  as  above  in  SEM. 
(Speciraer,  sputtered  with  goldj 
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ABSTRACT 


The  eroded  surface  of  three  gun  tubes,  20,  47  and  105  mm  calibre,  have 
been  examined  with  the  surface  analytical  technique  of  Auger  electron 
spectroscopy.  The  instrument  used  was  PHI  model  548  ESCA/AES  manufactured 
by  Physical  Electronic  Industries.  The  chemical  compositions  of  the 
surface  as  well  as  sub-surface  layers  were  determined  seni-quantitatively 
from  the  Auger  peaks  in  the  spectra.  The  depth  profiling  of  the  eroded 
surface  was  accomplished  either  by  argon  ion  sputtering  or  by  mechanically 
tapering  a  cross-section  of  the  gun  tubes. 

The  chemical  elements  present  on  the  top  surface  layer  depend  largely 
on  the  aitinunitions  used  in  firing.  Two  groups  of  chanical  elements  were 
detected  frcm  these  analyses.  The  first  group,  vhich  consisted  of  Ba,  Be, 
P,  Pb,  Cl,  Cu  and  Zn(not  in  105  mm) ,  is  deposited  with  no  depth  penetration 
into  the  gun  body.  They  are  believed  to  be  less  corrosive  and  easily  blown 
away  by  exploding  propellant  gases.  The  second  group  of  chemical  elements 
such  as  S,  K,  C,  Ca,  N(in  47  mm) ,  0,  Fe(in  105  mm)  and  Zn(in  105  mm)  is  the 
elements  vAiich  participated  in  the  erosion  of  the  gun  tube  by  processes 
such  as  oxidation (0) ,  carburization (C) ,  nitridation(N) ,  sulfur ization (S) , 
and  alloying (K,Ca,Fe,Zn) .  The  dep^  profiles  of  these  elements  illustrate 
the  extent  of  chemical  interaction  between  these  elements  and  the  bore 
surface.  Hie  physical  feature  of  surface  cracking  may  be  derived 
partially  from  the  chemical  interactions. 


INTOODUCTION 


The  technique  of  Auger  electron  spectroscopy  (AES)  has  become  one  of 
the  most  widely  used  analytical  techniques  for  obtaining  chemical 
information  on  solid  surfaces  during  past  ten  years.  The  Auger  spectrum 
provides  reliable  semi-quantitative  elemental  compositions  and  in  many 
cases  the  binding  status  of  chemical  constituents.  The  basic  advantages 
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of  this  technique  are  a  high  sensitivity  for  chemical  analysis  in  the  near 
surface  region  of  the  materials,  a  rapid  data  aquisition,  and  the  ability 
to  detect  all  atomic  elements  heavier  than  helium.  The  technique  is 
especially  suitable  for  the  analysis  of  light  elements  such  as  carbon, 
nitrogen  and  oxygen. 

The  application  of  AES  to  gun  tube  erosion^  is  not  very  different  from 
other  applications.  The  AES  technique  could  be  used  for  elemental 
ccxnpxjsition  analyses  of  eroded  gun  surfaces.  Although  the  technique  is 
sensitive  only  frcrni  the  surface  region  to  a  depth  of  20°A,  the  combination 
of  inert  gas  ion  sputtering  and  ion  milling  with  AES  can  be  used  to  study 
the  compositions  of  the  sublayers  below  the  eroded  surface.  In  the  study 
of  gun  tube  erosion,  the  information  obtainable  from  the  sublayers  is  more 
valuable  than  that  from  the  surface  for  the  characterization  of  erosion 
behavior  and  the  extent  of  corrosion.  In  most  cases  of  eroded  gun  tubes, 
the  thermal  cracks  and  the  altered  erosion  sublayers  are  unique  features  of 
the  erosion.  These  cracks  and  layers  usually  extend  into  the  subsurface  a 
few  tens  to  hundreds  of  microns  deep.  Thus  the  depth  profiling  by  ion 
spxittering  and  ion  milling  becomes  a  time  comsuming  procedure  for  the 
analysis.  The  currently  available  method  of  obtaining  the  chanical 
information  for  such  a  depth  range  is  by  a  mechanically  tapiered  cut  of  the 
cross-section  of  the  gun  or  by  cratering  the  eroded  surface  by  ball 
grinding.  From  this  the  AES  analysis  can  be  performed  on  the  exposed 
sublayers  in  the  usual  manner. 

In  a  brief  description,  the  fundamental  mechanism  involved  in  AES  is 
the  ionization  of  atomic  core  levels  by  an  incident  electron  beam,  followed 
by  the  radiationless  Auger  transition  and  the  capture  of  Auger  electrons 
escaping  from  surface  by  an  electron  sp)ectrometer .  Since  the  signal  from 
Auger  electrons  are  weak  and  barely  distingusihable  from  background  noises, 
it  is  necessary  to  improve  the  singal/noise  ratio  by  electronic 
differentiation.  The  addition  of  a  field  modulation  during  the  electron 
detection  removes  the  signal  from  large  backscattered  primary  electrons  and 
inelastic  scattered  Auger  electrons.  Thus  the  chotiical  information  can 
be  derived  from  the  energy  distribution  of  Auger  electrons  characteristic 
of  the  atomic  configurations. 


EXPERIMENTAL 


Spiecimen  prep>aration 

The  surfaces  of  three  gun  tubes  have  been  examined.  These  guns  have 
been  fired  extensively  but  their  usages  have  never  been  recorded,  and  the 
propjellants  employed  in  firing  are  not  known.  All  guns  were  believed  to  be 
fabricated  from  Typ)e  4330  steel  but  were  not  made  frcxn  the  same  batch  of 
ingots.  The  surfaces  of  the  eroded  guns,  as  received,  were  heavily  soiled 
and  coated  with  hydrocarbons  or  greases.  In  some  instances,  attonpts  have 
been  made  to  remove  these  coatings  by  a  mild  detergent  solution  or  by 
direct  heating  in  vacuum.  The  area  near  the  forcing  cone  at  the  entrance 
to  the  chamber  was  so  heavily  coated  that  argon  ion  sputtering  for  a  period 
of  60  minutes,  equivalent  to  removal  of  a  0.6  layer,  could  not  reach  the 
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underlaying  metal  surface.  For  specimen  preparation,  the  corroded  bore 
surface  was  first  sliced  from  the  gun  body  to  about  2  mm  thickness,  then 
the  sliced  surface  was  cut  into  pieces  of  an  approximate  size  1  cm  x  2  cm 
v^ich  could  be  mounted  directly  on  the  sampling  carousel  of  the  Auger 
analytical  instrument. 

The  physical  appearance  of  these  gun  tubes,  designated  as  GSl,  GS2  and 
GS3  are  shown  in  the  microphotograpAis  of  Figure  1.  The  topographic  views 
as  well  as  the  cross-sectional  views  of  eroded  surfaces  are  shown.  The 
descriptions  of  these  surfaces  and  the  preparation  of  individual  specimens 
are  as  follows; 

GSl;  The  specimens  were  cut  fron  the  bore  surface  of  a  20  mm  gun 
extending  frm  the  chamber  end  15  cm  along  the  length  of  the  tube.  A 
total  of  15  specimens  were  prepared  for  surface  analyses.  The  eroded 
surface  was  grey  to  black  in  appearance  with  no  metallic  luster.  This 
surface  was  so  severely  etched  and  cracked  that  no  rifling  pattern,  land 
and  groove,  was  distinguishable  at  the  chamber  end  of  the  gun  tube  as  shown 
in  Figure  la.  The  majority  of  the  large  cracks  spaced  about  1  ram  apart, 
are  propagated  along  the  circunference  of  the  tube  and  are  also 
interconnected  by  smaller  cracks  running  along  the  tube.  Originally  the 
surface  was  electroplated  with  Cr  to  about  20-25  thick,  and  most  of  the 
Cr  layer  had  been  depleted  by  erosion  as  shown  in  the  cross-section  of  the 
surface  Figure  lb.  The  cracks  about  100  pn  long  are  found  to  penetrate 
into  the  surface  at  an  angle,  and  some  of  them  are  interconnected  below  the 
surface  so  that  a  portion  of  the  surface  surrounded  by  cracks  is  loosened 
and  removed.  A  few  small  chunks  are  missing  from  the  surface  as  indicated 
in  Figure  la. 

GS2;  Four  specimens  were  prepared  from  a  47  nm  gun  10  cm  frcan  the  edge  of 
the  chamber.  The  gun  was  still  serviceable  and  was  not  badly  damaged  as 
shown  in  Figure  Ic.  To  the  naked  eye,  the  rifling  pattern  of  the  gi^  tube 
is  well  preserved,  and  no  crack  or  pebbling  of  the  bore  surface  is  visible. 
This  gun  has  no  coating  as  shown  by  the  microphotograph  of  the  surface 
cross-section  in  Figure  Id.  Two  vhite  reaction  layers  of  0.5  and  18  pm 
thickness  are  clearly  observable. 

GS3;  Four  specimens  were  obtained  from  the  bore  surface  of  a  105  mm  gun, 
from  the  muzzle  end (designated  as  Section  101)  after  600  rounds  of  firing. 
The  surface  is  severely  cracked,  but  the  rifling  pattern  is  still  in  good 
condition.  Ihe  cracks  are  randomly  propagated  and  are  concentrated  more  on 
the  groove  portion  of  the  rifling.  The  surface  holes  and  pits  formed  by 
cracks  are  found  to  dcxninate  the  topology  of  the  groove  area  as  shown  in 
Figure  le.  The  cross-section  of  the  bore  surface  shown  in  Figure  If, 
reveals  that  the  bore  surface  was  electroplated  with  chrominum  to  a 
thickness  of  about  200  um.  All  the  large  cracks  are  found  to  propagate 
normal  to  the  surface  through  the  Cr  layer  and  to  extend  some  distance  into 
the  underlying  steel .  These  cracks  are  wider  and  larger  than  those 
observed  in  the  GSl  specimens. 
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Instrument 


A  PHI  ESCA/AES  instrument  model  548  with  a  precision  electron  energy 
analyzer  Model  15-255  was  used  throughout  the  present  investigation.  The 
specimen  was  loaded  onto  the  carousel  of  the  manupulator,  and  the  vacuum 
maintained  at  a  pressure  of  10~  torr  or  less.  Auger  electron  spectra 
were  obtained  with  a  primary  focussed  electron  beam  of  5  kv  and  10  pA  with 
a  beam  diameter  of  af^roximately  50  pm  and  a  peak-peak  modulation  voltage 
of  3  ev.  The  electron  multiplier  for  signal  detection  was  set  at  1.75  kV. 
Several  Auger  electron  spectra  were  taken  from  each  specimen.  The  spectra 
were  recorded  at  electron  energy  ranges  0-1000  and  0-2000  ev,  at  scan 
speeds  of  1  and  2  ev  per  second  respectively  The  atomic  fractions  of  the 
elements  present  on  the  surface  were  calculated  sani-quantitatively  from 
these  spectra  using  the  technique  outlined  in  the  Handbook  of  Auger 
electron  Spectroscopy  . 

In  the  ion  sputtering,  the  chamber. is  filled  with  argon  of  purity 
99.998  %  at  a  static  pressure  of  5  xl0"^  torr.  The  output  current  of  the 
ion  sputtering  is  6  pA  at  the  5  kv,  30  mA  filament  ^wer  setting.  The 
depth  profile  of  surface  is  acconplished  either  by  ion  sputtering  or  by 
mechanical  tapering  of  specimen  surface.  The  tapering  of  the  specimen  is 
made  first  by  rough  grinding  the  surface  at  a  shallow  angle  then  sanding 
the  exposed  cross-section  with  a  fine  grit  SiC  paper.  The  prepared 
specimen  is  then  washed  in  a  detergent  solution  followed  by  rinsing  twice 
in  distilled  water  before  loading  into  the  vacuun  chamber.  The 
cross-section  is  subjected  to  ion  sputtering  before  the  spectroscopic 
analysis. 


RESULTS 

GSl  Specimen;  Numerous  AES  spectra  were  obtained  from  each  of  the  15 
specimens  prepared  from  a  20  mm  gun.  Since  sane  elements  on  the  surface 
are  not  homogeneous  distributed  but  are  clustered  on  prefered  locations, 
only  a  statistical  description  will  be  presented  here.  In  general,  the 
el^ental  constituents  on  the  surface  are  similar  except  for  a  wide 
variation  in  localized  distribution.  At  the  chamber  end  of  the  gun  tube, 
vAiere  no  erosion  is  visible,  only  signals  of  oxygen  and  carbon  were 
detected.  The  hydrocarbon  coating  on  this  area  is  so  thick  that  metal 
signals  from  the  underlying  surface  could  not  be  detected  even  after  a 
prolong  period  of  argon  ion  sputtering. 

In  addition  to  the  ccaimonly  observed  contaminants  C  and  0,  and  the 
major  constituents  of  steel,  Fe,  the  foreign  elements  found  on  the  surface 
in  order  of  increasing  Auger  electron  energy  are  Ba,  S,  Ca,  P,  Cl,  Cr  and 
Zn.  Not  all  of  these  elanents  are  present  in  all  spectra  and  a  typical 
Auger  electron  spectrum  is  shown  in  Figure  2.  The  element  Ba  is  found 
throughout  the  sampling  surface  but  it  is  distributed  unevenly.  This 
element  is  not  detected  after  cleaning  and  rinsing  the  specimen  by  an 
ultrasonic  vibrator.  The  presence  of  Ba  seems  to  be  associated  with  S  and 
0.  Presumably  BaSO^  is  precipitated  on  the  top  layer  of  the  bore  surface. 
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The  distributions  of  Cl  and  P  on  the  eroded  surface  are  very  uneven. 
They  are  observed  only  in  a  few  spectra,  and  are  absent  on  the  specimen 
after  cleaning  and  rinsing.  It  might  be  that  the  chlorides  and  phosphates 
on  the  eroded  surface  are  quite  soluble  in  water  and  are  accumulated 
sparsely  on  the  top  surface  layer. 

A  weak  signal  of  N  is  detected  occasionally.  Although  N  is  one  of 
trace  constituents  of  gun  steel,  the  N  content  in  steel  is  below  the  limit 
of  the  present  detector.  Therefore  the  N  signal  detected  presumably  is 
the  result  of  surface  deposition  of  nitrates  and  nitrites  from  propellant 
gases. 

Significant  amounts  of  K  and  Ca  are  observed  in  almost  all  spectra. 
These  two  elements  are  found  to  exist  to  a  considerable  depth  below  the 
eroded  surface.  Perhaps  surface  migration  and  diffusion  of  these  two 
elements  along  micro-cracks  and  grainboundary  interfaces  during  repeated 
heat  ^y^ling  might  lead  to  the  observed  depth  penetrations.  It  is  well 
known’'  that  the  K  ion  can  diffuse  rapidly  along  grain  boundary 
interphases  to  the  sputtering  surface  .  However  the  simultaneous 
disappearance  of  K  and  Ca  after  a  period  of  sputtering  indicated  that  this 
was  not  the  case.  It  also  suggests  that  the  migration  of  both  atoms  into 
the  interior  may  occur  by  the  same  diffusion  mechanism. 

The  element  Zn  is  observed  mostly  on  the  land  portion  of  the  rifling 
pattern,  but  near  the  chamber  end,  the  land  and  groove  of  the  rifling 
pattern  are  hardly  distinguishable.  Cu  and  Zn  are  the  principle  alloying 
elements  of  gilding  metals  for  the  rotating  band  of  projectiles.  These 
elements  are  left  on  the  surface  from  friction  with  the  projectile. 

Chrominum  is  a  minor  constituent  of  gun  steel,  about  1-3  v/t  %.  This 

concentration  is  at  the  edge  of  the  detection  limit  of  the  present  Auger 
electron  spectroscopic  technique.  The  unexpected  high  concentrations  of 
Cr  observed  in  some  spectra  occurred  because  the  gun  was  originally 
electroplated  with  a  20-25  pm  thick  Cr  layer.  Since  the  gun  was  severely 
damaged  and  the  Cr  layer  depleted  at  some  spots,  the  element  was  not 
observed  in  all  spectra.  The  cross-sectional  view  of  the  surface  as  shown 
in  Figure  lb  confirms  the  AES  observation. 

Oxygen  and  carbon,  the  most  abundant  elements  on  the  eroded  surface, 
are  always  detected  together  with  metal  signals.  Both  elements  are  well 
known  contaminants  of  residual  gases  in  the  vacuum  system.  Their 
existence  is  found  to  extend  far  into  the  bore  surface  as  indicated  by  Ar 
ion  sputtering.  The  large  oxygen  concentration  near  or  on  the  surface 
other  than  from  the  vapor  contamination  suggests  that  the  metal  is  highly 
oxidized.  The  presence  of  a  carbon  signal  deep  into  the  surface  also 
implies  that  the  formation  of  stable  metal  carbides  is  the  most  probable 
process . 

The  depth  profile  by  a  tapered  cross-section  of  the  gun  tube  surface 
is  shov;n  in  Figure  3.  The  bore  surface  is  severely  cracked  and  altered  as 
seen  in  Figure  lb.  The  focused  primary  electron  beam  diameter  of  the 
Auger  electron  spectrometer  is  about  50  pm,  and  the  width  of  cracks  is  in 
the  range  of  10  pm.  During  the  measurement  across  the  tapered  surface. 
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ATOMIC  COMPOSITION  (%) 
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\  ^  ELECTRON  ENERGY  (cV) 

Figure  2  Auger  electron  spectrum  obtained  from  ‘GSl  specimen 

Bright  land  surface.  After  sputtering  for  15  nin*  Chart  HI88I-IOOO  GSl-6 
Ep=  5kV,  lp=  5  yA,  3  eV,  1*75  kV,  RC=  .01  see.  I'=3xlO-9 


DEPTH  PROFILE,  GSI-1 16 

Figure  3  I>©pth  profile  by  tapering  cross-section  of  bore  surface. 
Specimen  GSI-II6,  Coordinate  is  the  movement  of  specimen 
in  mm,  the  equivalent  depth  in  }un  is  also  shown.  Abscissa 
is  the  atomic  composition  calculated  semi-^uantitatively  from 
Auger  electron  spectra  * 
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the  spectrometer  may  have  recorded  the  compositions  of  both  tapered  surface 
and  interior  surfaces  of  cracks.  Therefore,  good  agreement  between  the 
depth  profile  by  mechanical  tapering  and  ion  sputtering  is  not  expected.  -  . 

As  shown  in  Figure  3,  the  major  elements  detected  on  the  surface  in 
order  of  decreasing  magnitudes  are  Cr,  0,  C,  and  Fe.  In  the  depth  range 
0-5(1  pm,  Cr  is  found  to  diminish  while  oxygen  and  iron  increase,  and  carbon 
drops  to  a  steady  concentration  of  a  few  atomic  percent.  The  depletion  of 
oxygen  in  this  region  may  be  caused  by  the  presence  of  Cr  and  C.  Between 
50-100  vim,  the  concentrations  of  oxygen  ,  carbon  and  iron  are  constant. 

This  probably  indicates  the  formation  of  stable  chemical  compounds  such  as 
FeC  and  Fe^O,  in  this  depth  range.  After  100  pm  depth,  the  iron  signal 
increases  5na  approaches  that  of  the  steel  composition  and  the 
concentrations  of  all  other  elements  fall  to  insignificant  amounts.  It  is 
surprising  to  note  that  K  and  Ca  have  depth  profiles  similar  to  oxygen 
although  the  oxygen  concentration  is  much  higher.  Perhaps  K  and  Ca  exist 
as  oxides  along  the  sampling  path. 

GS2  Specimens;  The  elemental  analyses  of  four  specimens  reveal  that 
except  for  a  few  elements,  the  constituents  of  the  eroded  surface  are 
similar  to  those  observed  in  GSl  specimens.  Those  elements  detected  are 
S,  Cl,  K,  Ca,  C,  N,  0,  Fe,  Cr,  Ni,  Cu  and  Zn.  Pb  is  observed  in  a  few 
spectra.  A  typical  Auger  electron  spectrum  from  this  moderately  eroded 
surface  is  shown  in  Figure  4.  Fe,  Cr,  and  Ni  are  the  metal  components  of 


Figure  4  A^iger  electron  spectrun  obtained  from  specimen. 

Groove  BurfAce.  after  heating.  Chart  120981-950  ^^^-l  x>^  i  n-9 

5  kV.  5  fi.  3  .V.  1.75  «.  1>C=.01  ..c 
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DEPTH  PROFILE  GS2-I5I 

Figure  5a  Depth  profile  by  argon  ion  sputtering  *  ,  i,w  on  -a 

^  Specimen  GS2-151  from  0.3  to  1.6  jm.  Gun  at  5  hV,  30  mA 


SPUTTER  TIME  (IOmin=.lMm) 

DEPTH  PROFILE  GS2-I5I 


Figure  5b  Depth  profile  by  argon  ion  sputtering 

Specimen  GS2-151  from  0  to  0«3  yon*  Gun  at  5  hV,  30  mA» 
Taken  directly  from  Auger  peak  multiplexer. 
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gun  steel  and  S,  K,  Cl  and  Ca  are  derived  from  chemicals  in  the 
propellants.  Cu  and  Zn  are  from  gilding  metals  in  the  rotating  band  of 
the  projectile  and  they  are  scraped  away  during  firing. 

The  elements  S,  and  K  are  found  to  exist  in  sublayers  of  the  surface, 
and  they  are  not  precipitated  on  the  top  layer  surface.  The  signals  of  N 
and  C  are  comparatively  larger  than  those  observed  in  GSl  specimens. 
Nitrogen  is  found  imbedded  in  the  interior  not  far  frcan  the  surface.  The 
formation  of  FeN  might  be  the  source  of  this  signal.  As  expected,  the 
top  layer  of  the^surface  is  extensively  oxidized  and  carburized.  This  is 
demonstrated  by  the  presence  of  large  oxygen  and  carbon  signals  in  the 
spectra . 

The  depth  profile  by  ion  sputtering  is  shown  in  Figure  5.  In  the 
first  0.5  nn  below  the  surface,  the  composition  of  steel  had  been 
significantly  altered  by  the  presence  of  large  amounts  of  oxygen  and 
carbon.  Ttie  metal  oxides,  carbides  and  nitrides  are  believed  to  be  the 
major  components  of  this  layer.  Two  distinct  layers  are  visible  in  the 
microphotograph  of  surface  cross-section  as  shown  in  Figure  Id.  The  first 
white  layer  about  0.5  pm  thick  is  a  reacted  layer  consisting  of  high 
proportions  of  oxygen  and  carbon,  and  the  second  v^ite  layer  about  18  pm 
thick,  is  a  thermally  altered  and  recrystallized  layer  containing 
increasing  amounts  of  oxygen  and  carbon.  Below  18  pm  depth,  the  original 
tempered  martensite  phase  of  gun  steel  exists. 

The  semi -quantitative  chenical  analysis  calculated  from  Auger  electron 
spectra  along  the  depth  profile  is  tabulated  in  Table  1.  The  depth  of 
0-0.5  pm  is  the  approximate  location  of  the  first  white  layer  observed  in 
Figure  Id.  The  composition  at  1.6  pm  depth  is  representative  of  the 
second  white  layer.  The  depth  penetrations  of  K,  S,  and  N  seem  to  be 
limited  to  the  first  0.5  pm,  that  is,  within  the  first  white  layer. 


TABLE  1  Chemical  Compositions  of  Sublayers 
from  47  mm  Gun,  GSl-151  032382-1530 

Sublayer  Chemical  composition  in  atomic  percents 


depth  (pm) 

'  c 

M 

0  S 

Cl  K 

Ca 

Fe 

Cr 

Ni 

Cu  Zn 

surface 

47. 

2.4 

25.9  2.5 

1.9  0.5 

2.9 

10.2 

2.0  4.7 

0.3 

12.5 

3.5 

10.5  0.2 

0.8 

- 

70.0 

1.2 

1.3 

- 

0.5 

9.7 

1.7 

2.5  - 

-  0.8 

- 

81.7 

2.3 

1.3 

- 

1 

3.0 

— 

1.0  - 

- 

- 

91.5 

2.8 

1.6 

- 

1.6 

2.7 

— 

0.9  .  - 

91.7 

2.5 

2.2 

- 

Mote (a) :  Calculated  semi-quantitatively  from  Auger  spectra,  see  Ref (2) 
Note(b):  Argon  ion  sputtering  at  5kV,  6pA  power  output.  10  minutes 
sputtering  is  equivalent  to  0.1  pm  depth. 
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GS3  Specimens;  The  elements  detected  in  these  specimens  are  P,  Be,  Cl,  S, 
K,  Ca,  C,  Cr,  0,  Fe,  Cu,  Zn  and  Al.  Two  typical  spectra  taken  from  the 
specimen  are  shown  in  Figures  6a  and  6b.  Not  all  elements  listed  are 
observed  in  one  sampling  area.  The  first  three  elements.  Be,  P  and  Cl  are 
found  only  in  a  few  specta,  and  their  magnitudes  decrease  drastically  with 
Ar  ion  sputtering  depth.  Ihe  absence  of  these  elements  in  specimens 
after  washing  suggested  that  they  are  probably  precipitated  fr«n  propellant 
gases  on  the  surface  and  are  sparsely  distributed.  The  elements  K,  S, 
and  Ca  are  observed  in  all  spectra,  and  these  elements  exist  not  only  on 
the  surface  but  also  below  the  surface.  Carbcxi  and  oxygen  signals  are 
largest  in  the  spectra  taken  on  the  surface  and  they  are  contaminants  from 
residual  vapors  as  well  as  from  surface  oxides  and  carbides.  As  ^own  in 
Figure  If,  the  specimen  surface  is  electroplated  with  Cr,  thus  the  observed 
Fe  and  Al  signals  could  only  be  derived  from  engraving  of  the  projectile 
onto  the  bore  surface.  Zn  and  Cu  derived  from  the  rotating  band  of  the 
projectile,  are  concentrated  on  the  land  portion  of  the  rifling  pattern. 

In  Figure  7a,  the  depth  profile  by  the  tapered  GS3  specimen  cross-section 
is  given.  Zn  and  Fe  are  found  to  have  unexpectedly  high  penetration 
depths  extending  50  pm  below  the  surface.  Since  the  Cr  layer  was  200  pm 
thick,  Fe  could  not  diffuse  frcmi  the  underlaying  steel.  The  oxygen  content 
in  the  depth  profile  of  the  Cr  layer  is  distinctly  lower  than  that  of  gun 
steel  without  a  chrcrniinun  coating. 

In  Figure  7b,  the  depth  profile  by  Ar  ion  sputtering  is  shown.  The 
figure  is  obtained  directly  frcxn  the  Auger  peak  multiplexer.  It  is 
obvious  that  Zn,  S,  0,  C  and  Al  have  high  depth  penetrations  into  the  Cr 
layer. 


DISCUSSICW 


Three  gun  surfaces  have  been  examined  with  the  analytical  technique  of 
Auger  electron  spectroscopy.  Although  these  guns  have  varying  degrees  of 
service  length  and  have  been  subjected  to  different  ammunitions,  their 
erosion  behaviors  have  many  similarities.  In  particular,  the  erosion 
characteristics  resulting  frcxn  repeated  firing  cycles  are  identical.  In 
physical  app)earance,  all  bore  surfaces  have  been  severely  cracked  and/or 
corroded.  The  metal  luster  of  the  original  surface  has  been  transformed 
into  a  grey  charcoal  colored  apjpiearance,  and  scwne  materials  loosened  from 
the  surface  have  been  ronoved  by  hot  propellant  gases. 

The  elements  identified  in  the  Auger  electron  spectra  ccmmon  to  these 
three  gun  surfaces  are  S,  K,  C,  Ca,  0,  Cr,  Fe,  and  Zn.  Some  elements  are 
charactertistics  of  a  special  ammunition  used  in  firing,  such  as  Ba,  P,  Cl, 
N  in  GS1(20  mm  gun) ,  Cl,  Pb,  N,  Cu  in  GS2(47  mm  gun) ,  and  Be,  P,  Cl,  Cu  in 
GS3(105  inn  gun) .  Thus  frc»n  the  surface  analsis,  the  elements  existing  on 
eroded  surfaces  could  be  used  to  trace  back  the  ammunition  employed  in 
firing.  The  major  chemical  transformations  observed  on  the  eroded 
surfaces  of  gun  tubes  are  oxidation,  carburization,  and  to  lesser  extents 
nitridation  and  sulfurization  as  evidenced  by  the  presence  of  0,  C,  N  and 
S. 
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AUGER  SIGNAL 


Figure 


6.  f'”  «.  EW-) 

Land  surface  Chart  021082-900  GS3  1  RC=.01  sec 

Ep=  5  kV.  Ip=  10  p.  V„od=  3  eV, 


Flpure  6b  Auger  electron  spectrure  obtained  from  GS(105  bbh  gun)  speeiaen 
Land  surface  after  90  min  6puttering,Chart^21 082-1110  GS3-2 
Ep=  5  kV.  lp=  10  jiA,  V„od=  3  eV.  V„ult=  1*75  kV.  RC=.01  sec. 
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DEPTH  PROFILE  OF  GUN  TUBE 
SURFACE  GS3  -  I 


FiKure  7a  Depth  profile  of  specirien  GS3  by  ^pwing  . 

Figure  /  P  compositions  are  calculated  semi-quantitatlvely 

from  Auger  spectra.  Ibe  coordinate  shows  the  movement  of 
the  specimen  and  the  equivalent  depth  In  Jim 
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DEPTH  PROFILE  BY  ION  SPUTTERING,  6S3-I 


Figure  7b  Depth  profile  by  argon  Ion  sputtering 

Taken  directly  from  Auger  peak  multiplexer*  Specimen  GS3-1 
Gun  at  5  kV*  3^  wA* 
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^he  large  concentrations  of  oxygen  and  carbon  present  on  eroded  bore 
surfaces  could  be  explained  by  assuming  high  tonperature  chonical  reactions 
between  the  metal  surface  and  the  hot  propellant  gases  containing  large 
amounts  of  oxygen  and  carbon.  Although  nitrogen  containing  molecules 
constitute  a  large  proportions  of  the  propellant  gas,  the  formation  of 
metal  nitride  on  the  bore  surface  is  limited  and  is  observed  only  in  iron. 
It  could  be  that  nitrogen-rich  explosives  are  less  corrosive  than  those 
containing  oxygen  and  carbon  resulting  in  limited  amounts  of  nitrogen 
observed  on  eroded  surfaces. 

The  elements  found  on  the  top  layer  of  the  surface  as  deposits  and 
precipitates  are  considered  to  be  less  corrosive  than  those  elements  vAiich 
penetrate  deep  beneath  the  bore  surface.'  Such  elements,  Ba,  Be,  P,  Pb, 
Cl,  Cu  and  Zn(not  in  GS3)  have  no  depth  penetration,  and  they  are  probably 
derived  from  condensates  of  hot  propellant  gases  and  from  engraving  of  the 
projectile  onto  bore  surfaces.  The  interactions  of  these  elonents  with 
metal  surfaces  in  the  form  of  diffusion,  dissolution,  combination  and 
alloying  are  believed  to  be  less  important  than  the  removal  processes  of 
these  elements  by  evaporation,  blovfcy  and  scraping  during  the  pulsed 
cycling  of  high  tonperatures  and  pressures.  Thus  there  is  no  appreciable 
accumulation  of  these  atoms  on  bore  surfaces. 

The  atomic  elonents  S,  K,  C,  Ca,  N(in  GS2) ,  0,  Fe(in  GS3)  and  Zn(in 
GS3)  are  found  to  have  depth  penetrations  varying  frcxn  a  few  tenths  to 
several  jjn  into  the  bore  surface  of  gun  tubes.  This  could  result  from  the 
fact  that  high  temperature  interactions  of  these  elements  with  gun  steel 
are  more  favorable  processes  than  the  removal  processes  by  exploding  gases. 
Therefore,  they  may  be  sources  of  gun  tube  erosion  and  corrosion  at  high 
tanperatures.  The  absence  of  one  or  more  elements  in  this  group  might 
have  reduced  the  crack  formation,  and  consequently  might  have  prolonged  the 
useful  life  of  the  gun. 

The  major  ccmiponent  of  the  gilding  metal,  Cu,  is  reported^  to  form 
alloys  on  the  bore  surface  of  gun  tubes.  However  the  so-called 
"coppering"  was  not  clearly  observed  in  the  present  investigation.  Copper 
is  found  usually  deposited  on  the  surface  layer,  and  no  depth  penetration 
is  observed.  It  might  be  that  the  high  temperature  duration  in  the  firing 
cycle  is  too  short  for  the  formation  of  copper  alloys  in  these  guns.  But 
the  second  component  of  the  gilding  metal,  Zn,  is  found  to  have  a 
considerable  depth  penetration  into  the  Cr  layer  of  the  GS3  specimen. 

Gun  tube  erosion  is  a  highly  complex  and  multiple  component 
phenomenon.  Numerous  factors  and  parameters  are  involved  in  the  optinun 
design  and  the  maximum  performance  of  a  gun.  Any  changes  in  structural 
materials,  conposition  of  propellants,  presumably  intended  to  prevent 
erosion,  may  lead  to  adverse  effect  on  the  useful  life  of  a  gun.  The 
present  investigation  has  identified  the  elements  involved  in  gun  tube 
erosion.  Some  characteristics  of  the  erosion  behavior  of  these  elements 
have  been  obtained  from  the  depth  profile  technique.  Although  the  major 
elements  C,  0  and  N  have  been  known  for  many  years,  the  effects  of  the 
minor  elanents  K,  S,  Ca  and  Zn  are  not  well  understood.  Thus  information 
provided  from  the  Auger  surface  analytical  technique  could  be  very  useful 
in  the  understanding  of  gun  tube  erosion  phenomena. 
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ABSTRACT 

Cyclic  voltammetry  and  chronopotentiometry  show  that  Cr(III)  is  reduced  in  two 
quasi-reversible  steps  in  the  LiF-NaF-KF  eutectic  over  the  temperature  range  600- 
1000°C.  The  product  of  the  first  step,  Cr(III)  +  e"*  Cr(II),  is  insoluble  below 
about  900®C,  and  the  details  of  the  reduction  mechanism  are  clearly  variable  with 
temperature.  Only  above  900®C  can  non-dendritic  deposits  be  obtained.  Anodization 
of  chromium  metal,  and  disproportionation  of  Cr(II),  lead  to  an  average  oxidation 
state  in  the  melt  of  about  2.6  at  equilibrium. 


INTRODUCTION 

Electroplating  of  refractory  metals  from  fused  salts  has  been  of  interest  for 
many  years.  Notable  is  the  work  of  Senderoff  and  Mellors  in  the  early  1960’s  using 
fluoride  melts There  has  been  renewed  interest  in  this  area  in  more  recent 
years,  not  only  for  those  refractories  such  as  Ta  that  cannot  be  plated  from  aqueous 
media;  but  also  for  chromium^.  Melt  electrodeposits  of  this  metal  potentially  have 
some  desirable  properties  not  obtainable  from  aqueous  plates.  The  electrochemistry 
of  Cr(III)  reduction  in  FLINAK  melts,  although  initially  investigated  some  time 
ago^,  remains  not  totally  clear.  In  this  report,  we  discuss  some  voltammetric 
and  chronopontentiometric  studies  of  Cr(III)  reduction,  and  correlate  these  with 
properties  of  the  deposit. 


EXPERIMENTAL 

Melts  were  made  up  from  reagent  grade  salts,  vacuum  dried  at  160®C  for  over  a 
week,  melted  under  argon  in  a  nickel  crucible  and  filtered  through  a  platinum 
screen.  The  melt  was  pre-electrolyzed  at  1.5  V  using  a  vitreous  carbon  anode  and  a 
steel  cathode  to  a  cathodic  current  density  of  less  than  0.3  mA  cm"”^.  Chromium  was 
added  as  K3CrF0.  Electrodes  were  a  vitreous  carbon  auxiliary,  a  platinum  plate 
quasi-reference,  and  a  fine  (0.12  mm  diameter)  Pt  working  electrode  for  voltammetry, 
or  a  Pt  cylinder  working  electrode  for  chronopotentiometry.  At  the  temperatures 
involved,  no  satisfactory  insulator  could  be  found.  The  voltammetric  electrode  area 
was  controlled  only  by  depth  of  immersion,  about  5  mm,  and  consequently  the  area  in 
use  was  only  known  approximately. 

The  melt  was  contained  in  a  Ni  crucible  in  a  Hasteloy-X  container  fitted  with 
a  gate-valve,  sliding  0-ring  seals  for  electrode  adjustment,  and  provision  for 
evacuation  or  for  an  argon  atmosphere.  All  work  was  done  under  a  slight  positive 
pressure  of  argon. 


This  work  was  supported  by  the  Army  Research  Office,  Contract  No.  DAAG29-79-C-0035 
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RESULTS  AND  DISCUSSION 

Cyclic  voltammograms  and  chronopotentiograms  were  run  over  a  temperature  range 
of  about  600°C  to  lOOO^C  and  a  Cr(III)  concentration  of  0,07  to  0.13  mole  1"^. 
Typical  results  are  shown  in  Fig,  1,  Two  reduction  and  two  oxidation  steps  are 
observed,  as  is  expected  from  other  work.  These  are  expected  to  be  due  to  the 
processes 


Cr(III)  +  e  Cr(II) 

and 

Cr(II)  -h  2e“  Cr(0) 

on  chemical  grounds  and  previous  work^.  This  is  confirmed  from  the  ratio  of  the 
chronopotentiometric  transition  times  of  the  two  waves,  which  should  be  8  for  a  1 
electron  reduction  followed  by  a  2  electron  reduction  (the  alternative  is  1,25), 
The  values  found  are  given  in  Table  I.  At  high  temperatures  the  value  found  is  8; 

Table  I.  Temperature  dependence  of  the  ratio  of  the 
transition  time  of  the  first  to  the  second 
reduction  step,  T^2r/'^lr  (concentration  of 

Cr(III)  =  0.09 


Temp  (“O 

983 

893 

804 

716 

612 

8.0 

8.6 

9.3 

11.3 

13.4 

at  lower  temperatures  a  larger  value  is  found  that  results  from  the  fact  that  the 
first  reduction  step  is  not  a  simple  diffusion  controlled  process.  Ratios  of  the 
forward  to  reverse  transition  times  for  the  first  wave  given  in  Table  II  are 
consistent  with  a  soluble  product  above  893®C,  but  with  an  insoluble  product  at 
lower  temperatures,  (A  ratio  of  3  holds  for  a  soluble  product,  while  a  value  of 
1  holds  if  the  product  is  insoluble,) 

The  shape  of  the  first  reduction  wave  in  cyclic  voltammetry  also  suggests  that 
this  is  not  a  simple  reversible  process,  as  it  does  not  show  a  peak  except  at  very 
high  scan  rates.  On  the  other  hand,  the  relationship  of  1qT^/C  vs  C  at  different 
temperatures  are  essentially  linear  and  the  transition  time  constant  XqT^/C  is 
constant  with  temperature;  Iq^^  is  essentially  constant  at  high  currents  and 
short  times.  Voltammetry  shows  that  ip  varies  linearly  with  at  fast  scan  rates, 

although  for  the  second  peak  this  is  non-linear  at  very  fast  scan  rates  also. 

The  peak  current  ip  is  linear  with  concentration.  These  various  relationships  rule 
out  coupled  chemical  reactions.  Other  trends.  Tables  3  and  4,  include  variation 
of  Ep  and  with  concentration  and  scan  rates;  both  shift  cathodic  with 

increasing  scan  rate  and  current  density,  and  anodic  with  increasing  concentration. 
These  overall  criteria  fit  a  quasi-reversible  mechanism.  These  are  summarized  in 
Table  5. 
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Table  II.  Ratio  of  the  forward  to  the  reverse  transition 

time  for  the  first  wave  at  different  temperatures 
(Concentration  of  Cr(III)  =  0.13  mol.Jl”^) 


Temp. 

('■c) 

Current  Density 

Forward 

Tj(sec) 

Reverse 

T^(sec) 

983 

51.0 

0.102 

0.039 

2.6 

40.8 

0.156 

0.047 

3.3 

893 

46.0 

0.067 

0.071 

0.93 

35.8 

0.110 

0.098 

1.1 

804 

30.7 

0.157 

0.126 

1.2 

25.6 

0.201 

0.193 

1.0 

716 

25.6 

0.114 

0.112 

1.0 

20.5 

0.186 

0.169 

1.1 

612 

20.6 

0.119 

0.123 

0.97 

18.0 

0.158 

0.150 

1.1 

Table  III 

Scan  Rate  Dependence  of  Peak  Potentials 
(voltammetry)  and  Current  Density  Dependence 
of  Quarter-Wave  Potential  (chronopotentiometry) 
Concentration  of  Cr(III),  0.11  mol  1“^,  983°C 

• 

Scan  Rate, 

V  sec  ^ 

1st  wave 

Ep/V 

2nd  wave 

Current  Density 
mAm  m“^ 

ET/4/4 
1st  wave 

2nd  wave 

1.0 

-0.126 

-0.738 

33.2 

-0.135 

-0.610 

2.0 

-0.152 

-0.749 

35.8 

-0.145 

-0.616 

5.0 

-0.162 

-0.786 

38.4 

-0.156 

-0.628 

8.0 

-0.173 

-0.796 

40.9 

-0.178 

-0.637 

10.0 

-0.186 

-0.815 

43.5 

-0.194 

-0.646 

20.0 

-0.234 

-0.857 

46.0 

-0.244 

-0.656 
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Table  IV,  Concentration  Dependence  of  Peak  Potentials  and  Quarter-Wave 
Potentials,  Scan  Rate  (volt annne try)  2,0V  sec“^ ;  Current 
Density  (chronopotentiometry)  45*9  x  10^  Temperature  983°C 


Concentration  of 
Cr(III),  mole  1“^ 


Ep/V 

1st  wave  2nd  wave 


ET/4/V 

1st  wave  2nd  wave 


0.07 

0.08 

0.10 

0.11 

0.12 


-0.86 

-0.164 

-0.156 

-0.192 


-0.774 

-0.762 

-0.746 

-0.734 


-0.32 

-0.259 

-0.202 

-0.206 


-0.782 

-0.792 

-0.764 

-0.752 


The  overall  mechanism  for  reduction  of  Cr(III)  in  FLINAK  is 


Cr(III) 


slow 


Cr(II) 


slow 

2e- 


Cr(0) 


insoluble 
below  893°C 


The  changes  in  electrochemistry  with  temperature  shown  in  Fig.  1  are  reflected 
in  a  qualitative  fashion  in  the  nature  of  the  electrodeposit,  which  at  lower 
temperatures  is  highly  dendritic.  Dendrite  formation  decreases  and  essentially 
disappears  at  temperatures  exceeding  OOG^C. 

It  is  supposed  that  dendritic  electrodeposits  are  favored  by  mass  transfer 
limited  processes,  while  smooth  deposits  require  kinetic  limitations*^.  This,  in 
turn,  would  be  favored  by  the  formation  of  stable  complexes  of  the  metal  ion  in  the 
melt.  Chromium(III)  reduction  may  very  well  involve  the  formation  of  complex  or 
cluster  Intermediates.  At  any  rate,  the  steps  are  not  simple  diffusion  controlled 
processes.  The  stability  of  complexes  or  clusters  is  dependent  on  other  cationic 
species  that  may  be  present,  with  small  or  highly  charged  cations  having  a 
destabilizing  Influence,  presumably  through  competition  for  the  fluoride  ions. 
Plating  from  NaF-KF  melts  showed  qualitatively  less  dendrite  formation,  while 
addition  of  AIF3  increased  dendrite  formation  under  otherwise  identical  conditions. 
Changes  in  electrochemistry  under  these  conditions  have  not  yet  been  explored. 

A  complicating  feature  of  the  chemistry  is  the  disproportionation  of  Cr(II)  to 
Cr(III)  and  metal.  The  rate  of  this  process  is  slow  compared  to  the  time  scale  of 
the  electrochemical  measurements,  but  rapid  enough  to  be  in  equilibrium  before 
measurements  can  be  made  if  Cr(II)  is  added  to  the  melt.  Thus,  electrochemistry 
of  Cr(II)  added  as  CrF2  to  FLINAK  was  qualitatively  identical  to  that  of  Cr(III), 
although  not  with  the  same  relative  voltammetric  current  or  chronopotentiometric 
transition  times  for  the  two  waves.  Chromium  metal  was  deposited  on  the  crucible. 
It  follows  that  in  electroplating  or  with  a  chromium  anode,  a  mixture  of  Cr(III) 
and  Cr(II)  is  present  in  the  melt.  Initial  attempts  to  form  plates  from  Cr(III) 
melts  are  always  unsuccessful  until  Cr(II)  has  built  up  in  the  melt.  The  average 
oxidation  state  of  chromium  in  the  melt  used  for  electroplating  was  about  2.6 
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over  the  range  950-1050®C,  Thus,  nearly  half  the  total  chromium  present  is  Cr(II). 
Current  efficiency  of  the  anodic  dissolution  of  chromium  in  FLINAK  also  indicated 
this  value. 
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Table  IV,  Comparison  of  the  results  obtained  for  the  first  reduction  step  with  the 
diagnostic  criteria  for  typical  electrode  processes  . 
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Decreasing  at  low  V  and  constant  at  high  V. 
At  b):  Below  893“C. 

Insoluble  product;  d) ;  Soluble  product. 


Potential/ V  Current /mA 

(vs.  Pt  Q.R.E.)  Anodic  Cathodic 


2.0 


1_ 

2.0 

V 


Potential  /  V  (vs.  Pt  Q.R.E.) 


Figure  1.  Cyclic  voltannnograms  (upper)  and  chronopotentiograms  (lower) 
for  the  reduction  of  Cr(III)  in  molten  FLINAK, 
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MONITORING  INTERIOR  SURFACE  CONDITICWS  OF  LARGE 
CALIBER  GUN  BARRELS  AT  ABERDEEN  PROVING  GROUND 

R.  A.  GILLEY 

Materiel  Testing  Directorate 
Aberdeen  Proving  Ground,  MD. 

This  paper  does  not  contain  anything  revolutionary.  It  is  a  summary  of  the 
method,  instrumentation  and  information  used  and  generated  by  the  Nondestructive 
Test  Section  of  the  Materiel  Testing  Directorate  of  Aberdeen  Proving  Ground,  MD. 
for  monitoring  the  interior  condition  of  large  caliber  gun  barrels. 

One  of  the  responsibilities  of  the  Materiel  Testing  Directorate  is  conducting 
tests  on  ammunition  and  large  caliber  gun  barrels.  Often,  these  tests  are  con¬ 
cerned  with  erosion  phenomena  and  the  effect  materiels,  new  propellant  formulations, 
anti-erosion  additives,  barrel  design,  rotating  bands,  etc.  have  on  the  erosion  of 
gun  barrels.  To  assist  this  Directorate  in  this  phase  of  its  mission,  the  Non¬ 
destructive  Test  Section  is  responsible  for  measuring  the  interior  dimensions  and 
identifying  the  interior  surface  conditions  of  these  barrels.  The  data  generated 
is  forwarded  to  the  Test  Director  (an  individual  assigned  by  this  Directorate  for 
managing  a  particular  test  program)  to  aid  him  in  generating  information  for  eval¬ 
uating  his  program.  This  information  is  often  forwarded  to  the  developing  agency 
to  aid  them  in  improving  or  modifying  their  designs. 

The  "variation  from  original  diameters"  is  the  most  common  measurement  of  in¬ 
terior  dimensions  of  gun  barrels.  Information  gained  from  this  measurement  re¬ 
veals  the  effect  ainrrunition,  rotating  bands,  etc.,  have  on  the  interior  surface  of 
the  barrel.  One  of  the  oldest  methods  of  obtaining  these  interior  dimensions  is 
using  the  mechanical  stargage.  The  stargage  is  used  to  measure  interior  dimensions 
of  b^rels  vAiere  abnormal  amounts  of  wear,  erosion,  scoring  and  other  interior 
surface  conditions  occur  due  to  the  number  and  type  of  rounds  fired. 

Two  types  of  mechanical  stargages  used  to  measure  wear  in  large  caliber  bar¬ 
rels  are:  the  2  inch  gage  with  a  range  of  75mm  to  155ram  and  the  5.75  inch  gage 
with  a  range  of  155itin  to  16  inches,  see  figure  1.  These  stargages  consist  of  : 
three  major  assemblies: 

1.  Measuring  head:  one  with  three  movable  measuring  points  (used  mainly 
in  measuring  smooth  bore  barrels,  see  figure  2a)  and  a  four  point  head  with  two 
movable  measuring  points  (used  mainly  for  rifled  barrels,  see  figure  2b) . 

2.  Operating  handle:  equipped  with  a  vernier,  see  figure  3. 

3.  Stave:  a  graduated  rod  used  to  connect  the  head  to  the  operating 
handle,  see  figure  4. 

When  the  stargage  is  assembled  and  its  vernier  adjusted  to  coincide  with  the  se¬ 
lected  size  ring  (a  precisely  machined  metal  ring  that  is  the  size  of  the  gun  bar¬ 
rel  being  gaged,  see  figure  5) ,  it  is  possible  to  measure  the  interior  diameter, 
at  any  given  point,  for  the  entire  length  of  the  gun  barrel. 
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Before  stargaging  a  rifled  cannon  barrel,  a  vertical  land  is  established  as  a 
reference.  All  stargage  measurements  are  taken  relative  to  the  vertical  land  which 
is  the  6:00  o'clock  land  in  the  commencement  of  rifling  area.  When  stargaging  a  can¬ 
non  with  a  four  point  measuring  head,  measurements  are  taken  on  the  vertical  and 
horizontal  land  ang  groove  for  the  entire  length  of  the  barrel.  The  horizontal  posi¬ 
tion  is  located  90^  from  vertical.  On  some  occasions,  a  three  point  measuring  head 
is  used  in  a  rifled  cannon  barrel.  A  set  of  Y-up  and  Y-down  measurements  are  taken 
on  the  lands  and  grooves  using  the  vertical  land  as  a  reference  along  with  a  guide 
plate*,  see  figure  6. 

In  cannon  barrels  with  heavy  wear,  erosion  and  scoring  at  the  commencement  of  ri¬ 
fling  area,  see  figure  7,  the  driving  edge  of  the  lands  (  this  is  the  left  edge  of  the 
lands  as  seen  from  the  breech  end  of  the  barrel)  is  worn  away.  This  causes  the  land 
to  become  sloped,  see  figure  8.  The  stargage  operator  is  able  to  "feel  out"  this 
condition  by  locking  the  stargage  measuring  head  in  respect  to  its  staves.  He  then 
turns  the  stargage  handle,  this  causes  the  measuring  head  to  rotate  and  the  measur¬ 
ing  points  to  follow  the  slope  of  the  land  to  its  highest  point  (minimum  diameter) . 

The  grooves  are  felt  out  to  their  deepest  point  (maximum  diameter) . 

Another  method  used  to  measure  wear  in  gun  barrels  is  the  use  of  an  air  gage, 
see  figure  9.  Because  of  its  limited  range  of  measuring  bore  diameter  changes  of 
approximately  0.014  of  an  inch,  it  is  used  only  on  production  weapons  (these  are  new 
cannon  barrels  that  have  little  if  any  wear) . 

The  air  gage  consists  of  a  measuring  head  with  two  measuring  points,  staves, 
and  graduated  columns  on  v^ich  the  measurments  are  read.  The  measuring  head  has  a 
built-in  rifling  guide  that  keeps  the  rreasuring  points  on  the  desired  land  and  groove. 
The  air  gage  is  adjusted  to  coincide  with  a  calibrating  master  (a  precisely  machined 
metal  device  that  is  the  size  of  the  gun  barrel  being  measured,  see  figxnre  10)  be¬ 
fore  each  gaging  operation. 

Measurement  intervals  vary  for  each  barrel.  Normally  measurements  start  0.10 
of  an  inch  forward  of  commencement  of  rifling  and  end  0.10  of  an  inch  from  the  muzzle. 
Measurements  are  taken  approximately  every  five  inches  between  commencement  of  ri¬ 
fling  and  muzzle.  In  the  commencement  of  rifling  area  vAiere  the  greatest  amount  of 
wear  and  erosion  occur,  measurements  are  taken  in  0.10  to  1.00  inch  intervals,  see 
figure  11.  The  time  required  to  stargage  the  entire  length  of  a  cannon  barrel  is 
approximately  three  hours. 

Some  exaitples  of  interior  surface  conditons  monitored  with  these  stargages  are: 
out  of  roundness;  bulges;  stripped,  flattened  or  gouged  lands;  and  restrictions  which 
are  caused  by  the  build-up  of  copper  and/or  other  deposits.  Figure  12  shows  an  ex- 
anple  of  stripped,  flattened  and  gouged  lands.  The  majority  of  the  above  conditions 
can  cause  loss  of  velocity  and  accuracy  of  projectiles  fired  from  a  gun  barrel  and 
may  be  hazardous  to  operating  personnel. 


*A  guide  plate  is  a  device  that  is  machined  to  fit  on  the  measuring  head  of  the 
mechanical  stargage  and  into  the  rifling  of  the  barrel.  When  the  guide  plate  is 
attached  to  the  measuring  head  and  placed  into  the  bore,  it  keeps  the  measuring 
points  on  the  appropriate  land  and/or  groove. 
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In  lieu  of  stargaging  the  entire  length  of  a  gun  barrel,  a  quick  check  inethod 
of  determining  remaining  wear  life  of  the  barrel  is  to  use  the  pullover  vernier  gage, 
see  figure  13.  Wear  tests  performed  on  gun  barrels  show  that  pullove^  h^en  at 
a  single  distance  slightly  forward  of  the  ccranencement  of  riflmg  can  te  correlat^ 
with  remaining  life.  The  pullover  gage  consists  of  a  body  with  a  movable  slide  at 
the  top,  a  non-movable  rest  at  the  bottom  and  a  vernier  scale.  The  pull^ 
is  attached  at  both  ends  to  graduated  rods.  The  bottom  rod  has  a  bore  stop  attech^ 
to  it.  This  bore  stop  rests  against  the  rear  face  of  barrel  and  is  used  to  set  the 
distance  where  the  pullover  gage  stops  in  the  bore.  By  ^y:mg  the  top  ® 

pullover  gage  forward,  the  pullover  body  is  in  a  forward  tilt  position.  The  pu 
Sver  is  inserted  into  the  barrel  to  the  prescribed  distance  set  ty  the  bore  stop. 
Then  ty  pulling  the  top  rod  rearward,  the  pullover  body  is  moved  to  the  rearwd 
tilt.  This  operation  causes  the  "gage  slide",  vhich  is  set  (pull^  out  past 
gage  body)  to  exceed  the  diameter  of  the  bore  being  measured,  to  be  forced  into  th 
gage  body.  This  sets  the  bore  land  diameter  on  the  gage. 


Measurerrents  obtained  from  all  these  gages,  added  to  the  basic  diameter  of 
cannon  barrel,  are  the  actual  diameters.  The  accuracy  of  these  gages  is  +.001  of  an 
inch. 


An  instrument  used  to  visually  detect  any  adverse  interior  condition:  of  gun 
barrels  such  as:  heat  checking,  erosion,  scoring,  coppering,  damages ,  etc . ,  is  a 
white  light  borescope,  presently  a  Watervliet  supplied  M2  scope,  see  figure  14. 
When  any  of  these  conditions  are  found,  they  can  be  penranently  recorded  by: 

1.  Interior  photographs  taken  with  the  aid  of  a  vhite  light  borescope 

(see  figure  7) . 

2.  RTV  silicon  rubber  irtpressions,  see  figure  15. 

3.  Low  tenperature  metal  casts. 

The  information  generated  by  the  Nondestructive  Test  Section  and  passed,  on  to 
the  Test  Director  in  the  form  of  data  sheets  and  laboratory  reports  is  often  e 
only  information  available  to  reveal  vhat  occurs  during  testing  to  the  interior 
surface  of  the  gun  barrel. 
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igure  1.  Mechanical  Stargages 
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Figure  2a;  Measuring  Head  with  Three  Movable  Measuring  Points. 


Figure  2b:  Four  Point  Measuring  Head  with  T\'K)  Movable  Measuring  Port  its 
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Figure  3.  Operating  Handle 


Figure  4.  Stave 
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Figure  6.  Guide  Plate 
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F'igiire  7.  Heavy  Wear,  Erosion,  Scoring 
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Figure  8.  Worn  Dri 


ing  Edge  of  Land 
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Figure  9.  Air  Gage 
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MULTIPLE  STARGAGE  MEASUREMENT  k  INSPECTION  DATA  FORM  (pp^iop  Y^O-l 


Figure  12.  Damaged  Interior  Surface  of  a  Rifled  Barrel 
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igure  13.  Pullover  Hage 
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metallographic  studies  of  erosion 
AND  CRACKING  OF  CANNON  TUBES 

R.M.  Fisher  and  A.  Szirmae 
U.S.  Steel  Corporation,  Research  Laboratory 
Monroeville,  PA  15146 

and 

M.H.  Kamdar 
Department  of  the  Army 

U.S.  Army  Armament  Research  and  Development  Command 
Benet  Weapons  Laboratory,  Watervliet  Arsenal 
Watervliet,  NY  12189 


ABSTRACT 

The  characteristic  erosion  features  of  fired  cannons  and  the 
..  jraurrations  on  J--- 

variety  of  electron  optical  and  other  differential  thermal  con- 

thermomechanical  modeling  of  the  erosion  and  cracking  of  cannon  tubes. 

INTRODUCTION 

Tri-Service  Conferences  and  in  the  rracture  me  .  c  Korp  ^surfaces 

Si  riSlt.  of  visual  Inspsctlon  aud  s^tsllographio  axamlnatlon  of  the  ^o^  jces 

fired  cannon  tubes  have  clearly  established  the  °-urrence  of  th«e  rather  die 

tlnct  features,  nanely,  (1)  a  comcob-llke  “HieiS  itcr-resls- 

deep  cracks  nearly  aligned  parallel  to  t  e  tu  ®  ^  „£ti,  mlcrostructures 

tant  "white  layers"  and  a  region  of  "thermally  altered  ferrite  witn  m 

ani  hardness  values  very  different  from  the  tapered  P^peS 

mentioned  In  the  forementloned  papers  and  ==  SeSil  itSsses,  (b)  fatigue 

these  three  erosion  features  appear  to  result  from  «  (i)  chemical 

crack  propagation  with  the  added  Influence  of  an  embrittling  agent,  and 

reaction  with  the  bore  surface,  naii«ly ,  carburization. 

Becently,  the  optical  metallographic  studies  have  been  ^“^^anted  and  ext^ded 
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Because  of  the  very  limited  number  of  cannon  tubes  that  are  available,  especially 
with  a  complete  record  of  firing  history,  the  program  has  also  utilized  simulation 
samples  prepared  in  the  laboratory  by  capacitance-discharge  pulse  heating. 

EXPERIMENTAL  MATERIALS  METHODS 

All  samples  examined  were  of  4340  steel  and  Included  sections  cut  from  the 
breech  area  and  bottom  of  the  rifling  of  fired  cannon  tubes  and  from  flat  sheet 
tensile  specimens  heated  by  capacitance  discharge  as  listed  below. 

Description  of  4340  Steel  Samples 
Cannon  Tubes  -  6826 

(105  mm)  -  7544  (Cr-plated  prior  to  firing) 

-  T-45  (additive  used) 

Simulation  Samples  -  pulse  heated  in  3000  psi  methane 

-  Cu-plated  and  pulse  heated  in  vacuum 

Selected  specimens  were  examined  by  optical  microscopy,  scanning  (SEM) ,  and 
hlgh-voltage-transmisslon  electron  microscopy  (HVEM)  to  study  the  surface  and  sub¬ 
surface  mlcrostructures  at  high  magnification  and  by  energy  dispersive  X-ray  spec¬ 
troscopy  (EDXS),  Auger  spectroscopy,  Mossbauer  spectroscopy,  and  secondary  ion  mass 
spectroscopy  (SIMS)  to  determine  the  surface  and  near-surface  chemical  composition. 
The  pulse-heating  apparatus  has  made  it  possible  to  produce  chemical  alterations  to 
the  surface  that  simulate  the  effects  of  propellant  gases. 

The  results  of  the  investigation  are  illustrated  with  representative  examples 
obtained  with  the  various  samples  examined  and  techniques  employed. 

EXPERIMENTAL  RESULTS 

The  characteristic  heat-checking  pattern  and  deep  cracks  parallel  to  the 
rifling  are  Illustrated  in  Figure  1  (a,b)*  The  bright  areas  are  abrasion  marks 
from  the  rotating  Cu  band  on  the  projectile.  The  appearance  of  this  surface  in 
the  SEM  is  shown  in  Figure  2,  along  with  an  EDX  spectrum  showing  that  the  surface 
is  covered  with  Ti  and  lesser  concentrations  of  Al,  S,  K,  and  Cu.  Point-to-point 
probing  revealed  that  the  Fe  signal  from  the  steel  base  largely  came  from  the 
spaces  between  the  hillocks  and  that  the  Cu  was  associated  with  the  abrasion 
marks . 

A  Ni-plated,  polished  and  lightly  etched  cross  section  of  sample  T-45,  illus¬ 
trating  the  alternating  pattern  of  shallow,  deep  and  very  deep  cracks  that  is  typi¬ 
cal  of  fired  cannons,  is  shown  in  Figure  3. 

The  near-surface  structure  of  this  sample  can  be  seen  in  more  detail  in  the 
optical  micrograph  of  a  15 taper  section  shown  in  Figure  4a.  EDXS  analysis  of 
this  same  area  in  the  SEM  revealed  that  a  considerable  amount  of  Cu,  and  some  S 
and  Al  were  present  in  cracks  extending  in  to  the  altered  ferrite  region. 
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Kig.  4.  FDXS  of  Mi-plated  taper  section  of  Cannon  Tube  T-45  (arrow  in  (a)) 
shows  Cu  penetration. 

Penetration  of  Ni  during  plating  demonstrates  that  these  cracks  were  open  to  the 
bore  surface. 

Examination  of  the  bore  surface  of  cannon  tube  6826  (no  additive  in  the 
propellant)  in  the  SEM  revealed  a  rather  different  appearance,  as  illustrated 
in  Figure  5.  The  small  crystals  visible  on  the  surface  higher  magnification 
were  stispected  to  be  cementite  (Fe3C)  .  This  opinion  was  confirmed  by  subsequent 
Auger,  Mossbauer,  and  STMS  analyses  of  the  surface,  and  by  stripping  the  surface 
fjJii.  and  obtaining  direct  eJectron  diffraction  evidence  for  Fe3C. 

The  carbon  concentration  in  the  altered  region  was  determined  by  several 
techniques  including  a  Mossbauer  surface  analysis  method,  depth  profiling  by  Auger 


(a)  500X  (b)  200X 


Fij;-  '■FM  of  bore  surface  of  Cannon  Tube  6826,  showing  fine  Fe^C  crystals  (b)  . 
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and  SIMS,  and  profiles  on  cross  sections  by  electron  probe  analysis  using  a  special 
light  element  detector.  All  of  these  methods  indicated  the  presence  of" 0.25  to 
0.5  pm  of  Fe3C  on  the  surface  and  a  subsurface  layer  of  about  2  to  10  pm  of  austen¬ 
ite  containing  2  percent  carbon  near  the  surface  and  about  1  percent  carbon  in  the 
interior.  The  very  rough  surface  of  eroded  cannon  tubes  precludes  obtaining  more 
than  an  estimate  of  the  thicknesses  of  the  white  layer  constituents  by  profiling. 
The  SIMS  depth  profiles  for  carbon  in  Figure  6  were  obtained  in  two  different  lab¬ 
oratories. 


Fig.  6.  Cannon  Tube  6826,  bore  surface. 

The  effects  of  chemical  alteration  of  the  surface  of  4340  steel  during 
pulse  heating  in  high  pressure  methane  are  illustrated  in  Figure  7 .  Polished  and 
etched  6®  taper  sections  reveal  the  appearance  of  the  surface  eutectic  structure 
(with  pools  of  austenite)  and  the  grain  boundary  carbides  in  the  subsurface  aus¬ 
tenite.  The  very  fine  scale  of  the  eutectic  suggests  an  extremely  rapid  solidi¬ 
fication  rate.  An  example  of  transformation  of  a  surface  austenite  pool  to  mart¬ 
ensite  is  illustrated  in  Figure  7a. 

Transmission  electron  micrographs  illustrating  the  lamellar  structure  of 
the  surface  carbide  film  and  an  example  of  the  high  carbon  plate  martensite  which 
formed  in  the  subsurface  austenite  region  are  shown  In  Figure  8.  The  electron 
diffraction  pattern  from  this  film  confirmed  that  it  was  Fe^C,  i.e..  Identical 
to  that  observed  for  fired  cannon  specimens. 
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Fig.  8.  Thin  foils  of  simulation  specimen  pulse-heated  in  methane  showing 
lamellar  carbide  (a)  and  subsurface  austenite  and  martensite  (b) . 
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and  SIMS,  and  profiles  on  cross  sections  by  electron  probe  analysis  using  a  special 
light  element  detector.  All  of  these  methods  Indicated  the  presence  of  0.25  to 
0.5  pm  of  Fe3C  on  the  surface  and  a  subsurface  layer  of  about  2  to  10  pm  of  austen¬ 
ite  containing  2  percent  carbon  near  the  surface  and  about  1  percent  carbon  In  the 
Interior.  The  very  rough  surface  of  eroded  cannon  tubes  precludes  obtaining  more 
than  an  estimate  of  the  thicknesses  of  the  white  layer  constituents  by  profiling. 
The  SIMS  depth  profiles  for  carbon  In  Figure  6  were  obtained  In  two  different  lab¬ 
oratories  . 


Fig.  6.  Cannon  Tube  6826,  bore  surface. 

The  effects  of  chemical  alteration  of  the  surface  of  4340  steel  during 
pulse  heating  In  high  pressure  methane  are  Illustrated  In  Figure  7.  Polished  and 
etched  6*  taper  sections  reveal  the  appearance  of  the  surface  eutectic  structure 
(with  pools  of  austenite)  and  the  grain  boundary  carbides  In  the  subsurface  aus¬ 
tenite.  The  very  fine  scale  of  the  eutectic  suggests  an  extremely  rapid  solidi¬ 
fication  rate.  An  example  of  transformation  of  a  surface  austenite  pool  to  mart¬ 
ensite  Is  Illustrated  In  Figure  7a. 

Transmission  electron  micrographs  Illustrating  the  lamellar  structure  of 
the  surface  carbide  film  and  an  example  of  the  high  carbon  plate  martensite  which 
formed  In  the  subsurface  austenite  region  are  shown  In  Figure  8.  The  electron 
diffraction  pattern  from  this  film  confirmed  that  It  was  Fe^C,  l.e..  Identical 
to  that  observed  for  fired  cannon  specimens. 
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Fig,  8.  Thin  foils  of  simulation  specimen  pulse-heated  in  methane  showing 
lamellar  carbide  (a)  and  subsurface  austenite  and  martensite  (b) • 
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The  observations  of  Cu  penetration  deep  into  the  longitudinal  cracks  pron,pted 
some  analogous  experiments  to  pulse  heat  specimens  that  had  been  Cu-plated. 
example  of  the  cracks  that  developed  at  the  root  of  the  notch  (used 
heating)  is  shown  in  Figure  10.  The  presence  of  Cu  could  be  detected  by  EDXS  in 
the  crLks  but  penetration  to  their  tips  did  not  occur  in  any  of  the  pulse  heate 

specimens  • 

SUMMARY  OF  OBSERVATIONS 

The  three  major  mlcrostructural  charactcrlstlca  of  eroded  cannon  barrels, 
mentioned  In  the  Introduction  to  this  paper,  are  described  belou  In 
probable  detrimental  effects  on  the  useful  life  of  cannon  barrels.  f 

Sion  of  the  factors  that  appear  to  determine  erosion  rate  and  suggestions 
work  are  presented  in  a  separate  section. 

White  Laver  -  The  explosion  gases  are  extremely  carburizing  to  the  extent 
that  carbon-saturated  liquid  iron  forms  on  the  surr.-_.  and  solidifies  rap  y  a  er 
the  firing  cycle  to  form  a  thin  layer  of  very  fine  eutectic  of  Fe3C  and  Fe  wit 
oLiderable  amount  of  retained  austenite.  Carbon  diffusion  into  the  «teel  results 
in  the  formation  and  retention  of  a  layer  of  relatively  soft  austenite  and  an  al¬ 
tered  ferrite  region  hardened  by  the  precipitation  of  alloy  carbides .  No  w  e 
layer  forms  on  surfaces  protected  by  chrome  plating. 

Heat  Checking  -  Rupture  of  the  surface  results  from  rapid  thermal  expansion^^^ 
and  contraction  of  the  surface  during  each  firing  cycle.  The  expansion  coeffic 
^f  f^rlte  aud  austeulte  ara  very  different  so  that  the  presence  of  a 
Of  high-carbon  austenite  (with  a  very  low  M^)  can  result  rn  very  large  tensile 
strains,  as  Illustrated  qualitatively  in  Figure  11.  Because  of  the 

the  cannon  tube,  cooling  of  the  heat-affected  zone  is  relatively  .. 

effective  strain  rate  fairly  high,  resulting  in  the  formation  of  quenching  crac  s . 
The  occurrence  of  coarse  and  fine  networks  suggests  that  the  stresses  relieved  by 
an  Initial  stage  of  crack  formation  recur  during  further  cooling  and 
secondary  cracking.  This  is  analogous  to  the  familiar  paint  craz  ng 
crack  patterns  and  fire  cracking  on  work  rolls. 

Longitudinal  '’Fatigue"  Cracks  -  Sharp  cracks.  0.2  to  1  mm  deep.  fonr>  Parallel 
to  thc“ifling  with'  a  spacing  of  about  1  mm  (the  very  deep  cracks  are  spaced  abo  . 

10  .m  apart) .  These  cracks  are  associated  with  regions  of  Cu  transfer  from  t  e 
ro.  ^ing  band.  The  cracks  contain  easily  detectable  Cu.some  S  (presumably  it ^ 
the  propellant),  and  A1  (which  may  be  a  contamin-int  from  metaliographic  po  Sfi  , 

to'vLy  near  the  crack  tips.  Propagation  of  the  deen  cracks  during  ^ach  firing 
cycle  is  presumably  enhanced  by  the  enbrittling  agents  *,ou,  ‘ 

forced  into  the  cracks  by  the  explosion  pressuca. 


The  chemical  activity  of  pure  methane  is  probably  greater  than  that  of  the 
exp  osion  gases,  and  there  is  little  turbulence  so  that  the  carbide  layer  tends  to 
be  thicker  and  more  uniform.  Because  no  quenching  is  used,  the  pulse-heated  speci¬ 
mens  cool  more  slowly  than  the  thick  cannon  tubes  resulting  in  the  formation  of 
grflin  boundairy  carbidGs  in  thG  austGnitG, 

The  deep  penetrating  cracks  In  fired  cannon  tubes  were  found  to  contain  Cu 
and  lesser  amounts  of  A1  and  S  right  to  the  tip  of  the  crack,  l.e.,  more  than 
400  m,  in  some  cases.  Tl.e  results  of  all  of  the  various  observations  and  analyses 
of  eroded  bore  surfaces  from  two  cannons  are  summarlaed  schematically  In  Figure  9 


(a) 


(b) 


9.  Schematic  illustration  of  cannon  bore  surface. 


Fig.  10.  Optical  micrograph  of  crack  at  the  root  of  a  notch 
in  a  Cu-plated  and  pulse-heated  4340  steel  sample.  50X 
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} - ►heating  ^^'3  m  sec - ►! 

h4 - cooling  MOO  in  sec -4 - i 


Fig.  11.  Illustration  of  origin  of  heat  checking 
due  to  differential  contraction. 

DISCUSSION  AND  RECOMMENDATIONS 

The  results  of  this  study  confirm  many  of  the  observations  of  previous 
investigators,  narticularly  with  respect  to  carbide  formation  and  to  deleterious 
effects  of  Cu.^^  The  new  or  more  quantitative  information  provides  the  basis  for 
a  more  detailed  understanding  of  cannon^-barrel  erosion  due  to  white  layer  formation 
and  cracking  due  to  heat  checking. 

Several  metal--removal  mechanisms  must  be  involved  in  the  erosion  and  wear 
of  cannon  barrels.  The  average  wear  rate  is  about  25  pm  per  round  unless  an  addi¬ 
tive  is  used  in  the  propellant.  This  is  comparable  to  the  depth  of  the  crevices 
between  the  ^kernels’^  of  the  heat-check  pattern  so  that  it  is  reasonable  to  presume 
that  they  are  largely  removed  during  each  firing  cycle.  This  could  occur  if  the 
proturbances  are  converted  to  liquid  metal  and  swept  away  by  the  explosion.  The 
reduced  erosion  resulting  from  lower  firing  temperatures,  the  application  of  Cr- 
plating  or  use  of  Ti02  additive  in  the  propellant  support  this  view. 

Tlie  heat-checking  cracks  expose  the  subsurface  of  the  bore  to  the  car¬ 
burizing  atmosphere  and  enhanced  formation  of  low-melting  carbide  and  *’cast  iron* 

In  addition,  on  occasion,  some  cracks  link  up  below  the  surface  causing  the 


formation  of  large  pits  when  the  metal  "plug"  is  forced  out  leading  to  accelerated 
erosion.  Fatigue  cracks,  due  to  Cu  embrittlement  when  Cu  rotating  bands  are  used, 
may  become  a  significant  factor  if  erosion  control  measures  succeed  in  extending 
tube  life  appreciably. 

FURTHER  WORK 

The  results  of  this  study  suggest  further  experiments  or  analyses  of 
both  fired  cannon  samples  and  laboratory  simulation  specimens  as  outlined  below. 

Field  Studies  -  Attempts  to  replicate  a  particular  section  of  the  bore 
surface  of  a  cannon  before  and  after  firing  could  determine  the  persistence  of  the 
heat-check  pattern.  Techniques  for  obtaining  surface  replicas  of  industrial  machin¬ 
ery  such  as  large  steel  rolls  in  the  field  are  available.  Detailed  examination  of 
debris  particles  collected  from  the  breech  area  or  from  the  ambient  air  using  air 
sample  monitors  could  also  yield  Important  information  about  erosion  mechanism. 

Laboratory  Studies  -  Some  further  analytical  work  on  cannon  samples  with 
known  firing  history  is  needed  to  establish  the  effect  of  additives  on  white  layer 
formation  more  quantitatively.  The  surface  and  near-surface  (0-1  mm  depth)  heating 
and  cooling  temperature  cycles  (especially  after  considerable  erosion  has  occurred) 
should  be  measured  and  calculated.  This  information  is  required  in  order  to  de¬ 
velop  a  model  for  heat  checking  due  to  differential  thermal  contraction  as  illus¬ 
trated  in  Figure  11.  Further  laboratory  studies  of  the  effects  of  peak  pulse 
heating  time  and  temperature  on  carbon  pickup,  and  the  reduction  afforded  by  the 
use  of  protective  coatings  and  thin  layers  of  additive  are  needed  to  develop  re¬ 
action  rate  parameters  to  apply  to  actual  firing  conditions  in  order  to  predict 
erosion  rate.  Controlled  studies  of  the  embrittling  effects  of  Cu  are  required 
using  both  pulse-heating  methods  and  slow  hot-tensile  tests  with  special  apparatus 
such  as  a  Gleeble . 
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The  material  in  this  paper  is  intended  for  general  information  only.  Any 
use  of  this  material  in  relation  to  any  specific  application  should  be  based 
on  independent  examination  and  verification  of  its  unrestricted  availability 
for  such  use,  and  a  determination  of  suitability  for  the  application  by 
professionally  qualified  personnel.  No  license  under  any  United  States 
Steel  Corporation  patents  or  other  proprietary  interest  is  implied  by  the 
publication  of  this  paper.  Those  making  use  of  or  relying  upon  the 
material  assume  all  risks  and  liability  arising  from  such  use  or  reliance. 
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ABSTRACT 

This  report  describes  the  use  of  a  free-piston  gas  compressor  for  studies  of 
crystal  structure  and  chemical  changes  which  cause  corrosion  and  erosion  of  metals 
due  to  its  exposure  to  hot,  dense  gases.  The  compressor  at  Portland  State 
University  can  produce  a  gas  at  more  than  2000  atmospheres  pressure  and  6000  K, 
though  only  for  about  0.5  msec.  Small  samples  are  mounted  on  the  piston  head  and 
the  compressor  may  be  fired  without  opening  repeatedly  as  many  times  as  desired. 
Preliminary  observations  were  made  with  samples  of  pure  metals  and  an  alloy. 
Microhardness  tests  showed  no  significant  effects  on  the  bulk  of  a  copper,  gold,  or 
aluminium  rod  when  used  as  a  sample  with  nitrogen  gas.  However,  an  electrolyt ically 
thinned  austenitic  stainless  steel  became  slightly  magnetic  after  exposure  to  hot, 
dense  argon  containing  a  trace  of  oxygen.  The  optical  and  TEM  micrographs  and  the 
electron  diffraction  patterns  before  and  after  the  exposure  to  a  hot,  dense  gas  show 
some  changes  in  structure  and  additional  chemical  compounds. 

INTRODUCTION 

When  metals  are  exposed  to  reactive  gases  corrosion  often  occurs.  If  the 
temperature  and  pressure  of  the  gases  change  rapidly  with  time  there  may  be  thermal 
and  mechanical  stresses  over  the  surface.  If  hydrogen  molecules  are  present  at 
elevated  temperatures,  they  may  easily  diffuse  into  the  metal,  introducing 
microcracks  and  plastic  deformation  during  the  course  of  cooling.  If  there  is 
locally  a  strong  flow  of  a  hot,  dense  gas,  ^rosion  may  be  expected.  History  of 
corrosion  and  erosion  research  is  very  long  ,  but  such  research  seems  not  to  cover 
the  case  of  exposure  to  a  gas  at  high  temperatures  and  high  pressures,  except  for 
explosive  bonding  of  metals.^  The  purpose  of  this  paper  is  to  show  that  research 
with  a  ballistic  compressor  can  fill  some  of  this  gap. 

In  contrast  to  a  shock  wave  produced,  for  instance,  by  an  explosion,  the 
compressed  gas  in  a  compressor  can  be  at  very  high  density,  comparable  to  the 
density  of  liquid.  Thus,  high  density  chemistry  may  become  important  in 
interpreting  the  effects  of  a  hot,  dense  gas.  However,  traditional  approaches  seem 
to  apply  to  the  results  obtained  thus  far. 

In  corrosion  processes,  oxidation  is  important.  But  stress—corrosion  and 
hydrogen  embrittlement  are  also  mechanisms  leading  to  functional  failure  of 
otherwise  well-designed  metallic  structures.  The  rate  of  these  processes  may  become 
faster  or  types  of  reactions  may  change  if  metals  are  exposed  to  gases  at  higher 
temperatures  and  pressures.  It  is  well  known  in  flame  research  that  important 

Approved  for  public  release;  distribution  unlimited 


III-162 


types  of  chemical  reactions  can  change  depending  on  the  pressure  and  temperature  of 

the  system,  _  _  . 

A  ballistic  compressor  can  also  be  helpful  in  determining  whether  microcracks 

develop  on  a  metallic  surface  when  the  metal  is  exposed  to  a  moderate  hydrogen 
pressure  at  an  elevated  temperature  and  then  rapidly  cooled.  Hydrogen  as  well  as 
oxygen  are  important  reactants  leading  to  undesirable  modification  of  the  physical 
properties  of  a  metal.  These  gases  are  dangerous  to  use  in  the  compressor  without 
being  diluted.  They  were  added  by  1%  or  less  by  volume  to  helium  before  firing. 

For  preliminary  observations,  pure  metals  and  an  alloy  were  used  as  samples. 
Because  of  complicated  phase  diagrams,  alloys  might  give  more  interesting 
observations  compared  to  pure  metals.  A  thin  metallic  film  prepared  by  electrolytic 
thinning  of  bulk  Fel8%Crl2%Ni  alloy  gave  a  good  example.  The  film,  originally  in  Y 
phase,  became  slightly  magnetic  after  the  exposure  to  a  hot,  dense  argon  with  a 
trace  of  oxygen.  The  optical  and  TEM  micrographs  and  the  electron  diffraction 
patterns  of  the  sample  on  the  exposure  clearly  shows  the  structural  difference. 

DESCRIPTION  AND  OPERATION  OF  THE  PSU  BALLISTIC  COMPRESSOR 


The  ballistic  compressor  at  Portland  State  University  is  a  modification  of  the 
original  structure,  which  has  already  been  fully  described  elsewhere.  The 
following  is  therefore  limited  to  a  brief  description  of  the  present  device. 

As  shown  in  Fig.  1,  the  compressor  consists  of  the  horizontally-mounted  2.90m 
(9.51  feet)  long,  5.72cm  (2.25  inches)  inner  diameter  tube  (A)  attached  on  one  end 
to  the  driving  gas  reservoir  (B)  and  on  the  other  to  the  high  pressure  head  (C). 

With  a  52.6cm  (20.7  inches)  long,  9.63kg  (21.23  lb.)  piston  in  prefiring  position, 
the  volume  of  the  driving  gas  reservoir  is  9.30  liters  (2.46  gallons),  and  the 
volume  of  the  test  gas  chamber  is  7.5  liters  (1.98  gallons).  The  maximum  possible 

stroke  is  2.77  m  (9.09  feet).  _ 

The  high  pressure  head  (Fig.  1-b)  is  made  from  ARMC017-4  PH  stainless  steel  25 

cm  (9.84  inches)  in  outside  diameter,  which  is  able  to  withstand  a  gas  pressure  of 
6000  atmospheres.  The  driving  gas  reservoir  (Fig.  1-C)  contains  the  piston  holding 
and  release  mechanism.  In  the  prefiring  position,  the  tail  of  the  piston  engages  in 
the  mechanism,  which  opens  and  pushes  the  piston  slightly  forward  at  firing  by 
cranking  the  handle  (D), 

The  piston  is  shown  in  Fig.  l-d .  The  piston  head  (E)  has  a  diameter  of  .05  mm 
(0.002  inches)  less  than  the  bore  of  the  tube,  and  is  made  from  the  same  material  as 
the  high  pressure  head.  The  short  piece  of  2inm  diameter  lead  rod  (F)  attached  to 
the  front  of  the  piston  head  is  used  for  determination  of  the  closest  approach  of 
the  piston  to  the  end  wall. 

In  operation,  with  the  piston  in  prefiring  position,  the  test  gas  chamber  is 
filled  to  an  absolute  pressure  of  less  than  1  atmosphere.  Next,  the  driving  gas 
reservoir  is  filled  with  the  same  gas  to  a  predetermined  pressure.  Then,  using  the 

releasing  mechanism,  the  piston  is  fired. 

Various  modifications  have  been  made  to  the  original  construction.  One  example 
is  as  follows.  Small  size  copper  pipes  were  used  originally  for  the  vacuum  system. 
But  they  have  been  replaced  by  larger  sized  ones  (4  cm  (1.6  inches)  in  diameter)  for 
faster  operation  of  the  vacuum  system.  This  replacement  has  made  it  posssible  to 
return  the  piston  to  its  prefiring  position  without  disassembling  the  device  after 
e.ich  firing,  so  that  repeated  firing  is  now  possible  without  disassembly. 

The  output  of  the  pressure  transducer  is  recorded  on  an  oscilloscope 
(Tektronix  RM35A)  with  a  polaroid  camera.  The  peak  pressure  at  each  firing  can  thus 
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Diagrams  of  PSU  Ballistic  Compressor  and  the  piston 


be  easily  read  on  the  oscillogram,  but  the  gas  temperature  is  found  by  using  a 
computer  program  as  described  in  detail  elsewhere.  >  The  program  is  to  solve  the 
equation  of  motion  for  the  piston  by  allowing  heat  loss  of  the  test  gas  by 
conduction  through  the  compressor  wall  and  gas  leakage  through  the  piston  gap  under 
the  assumption  of  thermal  equilibrium  in  both  test  and  driving  gases  at  any  time 
during  the  compression  and  expansion  of  the  gas  systems. 

A  simple  examination  of  the  gas  leakage  can  be  made  by  observing  the  pressure 
profile  at  the  instant  of  maximum  radiation  intensity.  The  leakage  rate  of  the 
test  gas  in  the  compressor  may  be  as  large  as  10  moles/sec  near  the  peak  pressure. 

If  the  piston  gap  is  made  small  in  order  to  reduce  the  leakage,  the  mechanical 
friction  becomes  too  large  and  unpredictable,  thus  destroying  the  reproducibility  of 
gas  compression.  If  the  gap  is  as  large  as  that  of  the  present  compressor,  the 
piston  is  full  floating  inside  the  horizontal  cylinder  bore.  Thus,  the  force  on  the 
piston  due  to  the  leaking  viscous  gas  is  solely  the  frictional  force  against  the 
motion  of  the  piston.  Then  the  frictional  force  is  given  by 

F  ==  TTr  o(ro-’rp)(P-P3-)+2‘rrnvLro/(ro-rp)  .  (1) 

The  piston  gap,  rQ-rp,  is  small,  so  that  the  first  term  can  be  neglected  and  the 
frictional  force  becomes  proportional  to  the  velocity  of  the  piston.  But  the 
proportionality  constant  changes  because  the  viscosity  depends  on  temperature: 

ti=AT®.  (2) 

For  monatomic  gases  at  the  temperature  attained  in  the  ballistic  compressor, 
the  majority  of  gas  molecules  are  in  the  ground  state.  Therefore,  it  is  justified 
to  use  the  van  der  Waals’  equation  of  state 

(P+a/V^)  •  (V-b)  =  n*R*T  (3) 

for  the  gas  systems. 

The  equation  of  motion  for  the  piston  is  conveniently  written  in  the  form  of 
the  energy  equation.  For  a  time  interval  dt,  the  piston  makes  a  displacement  of 
dx.  Then,  the  energy  changes  satisfy 

mvdv  =  6q+ 6q£7*dU“dUj.~Fdx,  (4) 

where  dU  is  the  internal  energy  change  of  the  test  gas  during  dt^due  to  a  heat  flow 

6q  into  the  gas,  due  to  the  work  on  the  piston  and  due  to  work  causes  dn 

moles  of  leaking  gas  to  flow,  and  due  to  gas  leakage  which  carries  away  a  part  of 
the  internal  energy,  dU£.  From  the  first  law  of  thermodynamics, 

dU  =  6q-PdV-PVn" ^dn-dU£.  (5) 

Similarly  for  the  reservoir  gas,  for  which  an  adiabatic  process  can  be  assumed, 

dUr  =  -P£.dVj.+PrVrnr"^<in+dU£r.  (6) 

The  rate  at  which  gas  leaks  though  the  piston  gap  is  governed  by  the  pressure 

difference  between  the  test  and  driving  gases.  It  is  given  by 
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(7) 


in  =  Trp( 
dt 


m 


,)  ^ro(ro-rp) 


The  gas  leaks  from  the  reservoir  to  the  test  gas  system  at  the  beginning  of  the 
first  stroke,  but  the  direction  is  reversed  in  the  course  of  compression. 

The  heat  flow  6q  into  the  test  gas  is  obtained  by  solving  the  well  known 
equation  of  thermal  conduction  applied  to  the  compressor  walls  by 
gas  systems  are  uniformly  at  their  respective  temperatures,  and  that  the  heat  fl 
at  thi  boundary  is  proportional  to  the  difference  of  the  temperatures  f  f 

the  inner  surface  of  the  walls.  The  proportionality  constant  is  adjustable  in  the 
computation.  Another  adjustable  parameter  is  the  piston  gap.  At  ® 

minimum  volume  of  the  test  gas  is  measured  by  the  deformed  length  of  the  lead  rod 
mounted  at  the  piston  head  and  the  peak  pressure  is  found  with  the  pressure 
transducer.  By  assigning  various  values  to  the  two  adjustable  parameters,  e 
computer  p;ogrL  is  run  until  the  computed  minimum  volume  and  peak  pressure  agree 
with  observed  ones.  Then,  the  gas  temperature  profile  as  a  function  of  time  a 
density  in  the  test  gas  system  are  found.  Usually,  a  few  trial  runs  on  the  computer 
are  good  enough  to  uniquely  determine  the  thermodynamic  conditions  of  the  gas 

systems^  of  the  accuracy  of  the  computed  temperature  was  made  at  the  melting 
point  of  tungsten.®  There  was  a  discrepancy  of  about  3%  The  program  has  been  used 
with  the  NOR  ballistic  compressor  at  the  University  of  Florida  o  e  ^ 

equation  of  state  of  UFe-  The  results  of  measurements  of  the  van  der  Waals 

constants  are  acurate  to  about  10%.  .  ,  .  •  „ 

For  attaining  temperatures  above  4000  K,  the  quasi-adiabat ic  compression  of  a 

gas  with  the  compressor  must  be  combined  with  some  other  means  of  feeding  extra 
Lergy  to  the  gas.  A  condenser  of  60  PF  charged  to  lOkV  serves  the  purpose.  An 
electronically-timed  ignitron  switch  is  used  to  discharge  the  charge  capaci  or 
through  a  spark  plug  on  the  side  wall  of  the  high  pressure 

capacitors  are  used,  the  maximum  gas  temperature  may  be  boosted  to  7000  K.  The 
diLharge  current  and  voltage  are  measured  at  the  spark  plug  as  a  function  of  t  , 
so  that  the  instantaneous  energy  input  to  the  gas  system  can  be  obtained  in 

the  computation  of  the  gas  condition.  Since  the  peak  discharge  current  can  be  as 
high  as  1000  ampares,  falling  off  to  zero  in  about  lOOpsec  care  has  been  taken  in 
the  design  of  the  measurements  to  minimize  the  effect  of  the  induced  e.m.f.  In  the 
preliminary  observations  where  rather  thin  samples  were  used,  the  gas  temperature 
las  limited  to  a  lower  value  (less  than  3000  K)  in  order  to  minimize  the  specimen 

damage. 

EXPERIMENTAL  PROCEDURE 

Commercially  pure  copper  wire  and  aluminum  wire  of  2mm  (0.079 
were  heated  in  a  Bunsen  burner  to  red  heat  and  then  air  cooled.  Gold  rods  of  the 
same  size  were  also  annealed  in  the  same  way.  Each  rod  was  exposed  separately  in 
the  ballistic  compressor.  The  rods  were  mounted,  like  the  lead  rod  used  for  the 
measurement  of  the  miniumum  test  gas  volume,  on  the  piston  head  and 
was  fired  with  nitrogen  gas.  The  rods  were  observed  to  have  been  bent  by  hitt  g 
the  end  wall  of  the  compressor.  Avoiding  the  portion  where  the  rods  were  bent,  they 
were  cut  with  a  hacksaw  and  the  sections  were  embedded,  ground,  and  polished. 
Microhardness  tests  were  made  at  various  places  on  the  cross-sectiona  ^reas. 

Some  copper  and  aluminum  rods  were  mounted  differently  from  the  above  so  that 
no  portion  of  the  rod  could  hit  the  end  wall.  After  firing,  the  rods  were  examine 
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with  the  mi cr ©hardness  tester. 

Samples  in  the  form  of  thin  sheets  were  also  used.  In  order  to  mount  the 
sheets  on  the  piston  head,  in  such  a  manner  that  the  sheet  is  fully  exposed  to  a 
compressed  hot  gas,  an  area  of  9mm  X  28mm  (0.35  inches  X  1.10  inches)  is  recessed  to 
the  depth  of  6inm  (0.24  inches)  on  the  flat  surface  of  the  piston  head  and  a  block  of 
steel  is  made  to  fill  the  recessed  volume,  so  that  the  sheet  sample  can  be  clamped 
in  the  gap  between  the  two.  (See  Fig. 2).  Thus,  thin  sheets  (about  0.1  mm  (0.04 
inches))  of  aluminum,  iron,  tungsten  were  prepared  and  exposed  to  hot,  dense  gases. 


Fig-  2  Sample  Mounting  Mechanism 


Another  experiment  utilized  a  specimen  0.2  TTin(0.079  inches)  thick  and  an 
elec trolyt ical ly  thinned  film  of  the  Fel8%Crl2%Ni  stainless  steel,  which  was  used 
previously  by  one  of  the  present  authors  in  investigations  of  the  martensite 
transformation.^  These  specimens  had  been  heated  at  1200**C  in  vacuum  for  one  hour 
and  cooled  to  room  temperature  in  ten  minutes,  and  then  cooled  to  77  K.The 
microstructure  then  contained  about  10%  ferromagnetic  BCG  martensite  in 
non-ferromagne t ic  FCC  austenite  matrix.  The  0.2  mm  thick  specimen  was  cut  to  a  size 
of  4  mm  X  10  mm  (0.16  inches  X  0.39  inches)  heated  to  a  red  heat  in  vacuum  and  air 
cooled.  This  specimen  was  then  non- ferromagnet ic ,  It  was  then  mounted  on  the 
piston  head  using  the  above-mentioned  mounting  mechanism  and  the  compressor  was 
fired.  The  sample  was  examined  on  an  optical  microscope  before  and  after  exposure 
to  a  hot,  dense  argon  gas.  The  electrolyt ically  thinned  stainless  steel  film  was 
also  exposed  to  a  hot,  dense  argon  gas.  Since  its  thickness  is  about  0.1  ym 
(3.9x10”  inches)  it  could  be  observed  with  TEM  (one  MV  electron  microscope  at 
Lawrence  Berkeley  laboratory  and  100  kV  electron  microscope  at  PSU),  and  electron 
micrographs  and  diffraction  patterns  were  obtained. 

RESULTS  AND  DISCUSSION 

After  exposure  of  copper,  aluminum,  and  gold  rods  of  2  mm  (0.079  inches)  in 
diameter  to  a  hot,  dense  nitrogen  gas  at  about  1300  atmospheres  and  2000  K  in  the 
ballistic  compressor,  Knoop  Hardness  Numbers  were  observed  at  various  places  in  the 
cross-sectional  areas  of  the  exposed  pieces  on  Tukon  Microhardness  Tester  and 
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compared  with  those  numbers  obtained  with  unexposed  rods.  There  were  no  significant 
differences  between  the  two  observations.  Thus,  a  hot,  dense  gas  seems  to  give 
under  the  above  conditions  no  effect  on  the  bulk  hardness  of  these  pure  metals. 

One  of  the  interesting  observations  with  the  rods  exposed  to  the  hot,  dense  gas 
is  that  If  the  rods  were  bent  by  hitting  the  end  wall  of  the  compressor  they  became 
extremely  stiff  and  hard  so  that  they  could  hardly  be  deformed  by  hand.  It  is  not 
clear  at  present  if  this  is  simply  due  to  work-hardening. 

The  most  significant  effect  of  exposure  to  a  hot,  dense  gas  occurs  near  the 
surface  of  the  sample.  Since  the  gas  pressure  attainable  by  the  compressor  is  at 
most  a  few  thousands  atmospheres,  the  gas  temperature  may  be  more  important  in 
affecting  metals.  Thus,  samples  were  shaped  to  a  form  of  a  sheet  or  a  film.  The 
shaping  could  also  reduce  the  heat  conduction  to  the  piston  body  compared  to  the 
shape  of  a  rod. 

Iron,  tungsten,  aluminum,  low-carbon  steel,  and  non-magnetic  stainless  steel 
specimens  were  exposed  to  helium  or  argon  gas  at  about  1000  atmospheres  and  2200  K 
There  was  no  obvious  difference  between  the  effects  due  to  argon  or  helium,  when 
they  were  observed  with  a  scanning  electron  microscope.  A  trace  of  oxygen  must 
always  be  expected  in  the  gas,  but  hydrogen  was  sometimes  added  to  helium  before 
firing  the  compressor.  The  scanning  electron  microscope  did  not  show  any 
significant  difference  betweeen  effects  of  gases  with  or  without  hydrogen.  The 
typical  scanning  electron  micrograph  is  shown  in  Fig.  3,  which  was  made  with  a 
low-carbon  steel  specimen.  In  the  figure,  the  bright  part  corresponds  to  the  part 
of  the  metal  which  was  visually  brownish  due  to  oxidation  during  exposure  to  the  hot 

gas.  The  dark  part  (visually  shiny)  was  the  part  where  the  sample  clamped  in  the 
piston  head. 

The  non-magnetic  stainless  steel  specimen  became  slightly  ferromagnetic  after 
the  exposure  to  argon  gas  at  1000  atmospheres  and  2200  K  with  a  trace  of  oxygen.  It 
was  observed  under  the  optical  microscope  before  and  after  the  exposure  .  The 
micrographs  are  shown  in  Figs.  4  and  5.  The  figures  show  that  a  new  structure, 
possibly  martensite  was  developed  in  a  single  crystal,  but  there  is  no  change  in  the 
grain  boundaries  (other  than  grooving)  during  the  exposure  to  the  hot,  dense  gas. 

It  IS  not  quite  clear  why  the  new  structure  has  appeared,  but  it  may  be  noted  that 
the  cooling  rate  is  extremely  rapid  (about  5  X  10^°C/sec). 

The  electrolytically  thinned  film  of  stainless  steel  was  exposed  to  argon  gas 
at  about  160  atmospheres  and  1800  K.  The  original  shiny  surface  became  brownish. 

This  was  then  examined  by  TEM.  Fig.  6  is  a  micrograph  taken  with  a  1  MV  electron 
microscope  and  Fig.  7  shows  the  polycrystalline  diffraction  pattern  obtained  from 
the  region  in  Fig.  6.  The  original  austenite  crystal  size  was  about  100  Mm,  so  all 
of  the  bands  in  Fig.  6  are  believed  to  have  formed  within  one  austenite  crystal 
during  exposure  in  the  compressor.  A  single  band  in  Fig.  6  gives  a  single  crystal 
electron  diffraction  pattern,  such  as  that  shown  in  Fig.  8.  The  orientation 
relationship  between  adjacent  bands  has  not  yet  been  determined.  The  complicated 

patterns  of  Figs.  7  and  8  may  suggest  formations  of  chemical  compounds  during 
exposure. 
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LIST  OF  SYMBOLS 
A:  viscosity  constant. 

a:  van  der  Waals’  ”a**  constant.  T-dependent. 

B:  viscosity  constant. 

b:  van  der  Waals*  constant,  T-dependent. 

F:  frictional  force  against  the  piston. 

L:  length  of  the  piston, 

m:  mass  of  the  piston. 

m^;  molecular  weight  of  the  leaking  gas. 
n:  the  total  number  of  moles  of  the  test  gas. 

dn:  number  of  moles  of  the  leaking  gas  in  dt. 

n^ :  the  total  number  of  moles  of  the  reservoir  gas. 

P,Pj.:  pressure  of  the  test  ,  reservoir  gas,  respectively. 

6q:  heat  flow  to  the  test  gas  in  dt , 

6q£:  heat  flow  to  the  leaking  gas  in  dt . 

R:  gas  constant. 

tq:  diameter  of  the  bore. 

TpT  diameter  of  the  piston. 

T:  absolute  temperature, 

t:  time. 

internal  energy  of  the  test,  reservoir  gas,  respectively. 
U^:  internal  energy  carried  by  the  leaking  gas  from  the 

test  to  the  reservoir  gas. 

internal  energy  carried  by  the  leaking  gas  from  the 
reservoir  to  the  test  gas, 

V,Vj-:  volume  of  the  test,  reservoir  gas,  respectively, 

v:  velocity  of  the  piston. 

x:  position  of  the  piston  measured  from  the  prefiring 

position . 

n:  viscosity  of  the  leaking  gas. 

p:  density  of  the  leaking  gas. 
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CALIBRATION  OF  THE  NORDHEIM-SOODAK 
HEAT  TRANSFER  MODEL  TO  THE  LARGE  CALIBER 
ARTILLERY  TUBE  HEATING  PROBLEM 

by 

John  E.  Kovacs 


U.  S,  Army  Armament  Research  and  Development  Command 
Requirements  and  Analysis  Office 
Dover,  New  Jersey  07801 


ABSTRACT 

This  paper  presents  a  comparison  of  two  methods  for  calculating  the  heat 
transfer  coefficients  to  the  gun  barrel  wall,  and  the  calibration  of  the  Nordheim^^^ 
defined  friction  factors  against  the  present  experimental  values  for  the  bore 
heat  input,  as  a  function  of  position  along  the  tube  for  the  8  inch,  155inm  and 
105mm  artillery  cannon  systems,  firing  their  respective  charges  with  and  without 
wear  reducing  additive.  Also,  the  bore  heat  transfer  coefficients,  propellant 
gas  temperatures,  and  bore  surface  temperatures  as  calculated  by  both  the  Nordheim 
and  Calspan(2)  methodologies,  are  presented  for  a  conceptual  155mm  system. 

The  technique  used  to  calibrate  the  Nordheim  friction  factors  was  to  iterate 
the  friction  factor  until  the  value  of  the  calculated  heat  input  came  within  0.5 
percent  of  the  Calspan  experimental  value.  All  calculations  supporting  this 
manuscript  were  performed  by  computer  programs  written  by  the  author. 

Tube  wear  life  has  been  correlated  fairly  well  with  the  maximum  bore  surface 
temperature  at  the  origin  of  rifling,  and  the  potential  for  propellant  cook-off 
can  be  avoided  by  knowledge  of  the  chamber  temperatures.—'  The  effort  initiating 
this  investigation  has  been  a  continuing  one  to  support  the  capability  to  assess 
the  improvements  to  the  large  caliber  tube  wear  technology,  and  to  make  reasonable 
estimates  of  tube  life  and  cook-off  potential  for  new  conceptual  weapon  systems. 

The  resulting  calibrated  friction  factor  profiles  can  be  used  to  reasonably 
predict  heat  input  values  for  conceptual  systems  providing  the  concepts  are 
designed  using  the  same  propellants  and  are  within  the  same  calibers. 


(1) 


Refers  to  investigation  of 
Ref.  2. 


gun  barrel  heating  by  Nordheim,  Soodak  and  Nordheim, 


(2) 


Refers  to  Thermal  Research 
New  York. 


Center  activities  of  Calspan  Corporation,  Buffalo, 


j 
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ATTN:  DRDAR-TSS,  Dover,  New  Jersey  07801. 


III-172 


HEAT  TRANSFER 


NORDHEIM-SOODAK  THEORY 


The  Nordheim  theory  assumes  the  following  form  for  a  forced  convective  heat 
transfer  coefficient  ( ^)  between  the  high  temperature  gas  and  the  gun  barrel  wall. 


where 


;v 


Ji^o-sxCpfnr 

dimensionless  friction  factor 


(1) 


=  specific  heat  of  propellant  gases  at  constant  pressure 
=  density  and  velocity  of  gases,  respectively 


Further,  defining  a  reduced  ballistic  system,  and  using  the  classical  equations 
of  interior  ballistics,  and  assuming  that  the  unburnt  propellant  is  uniformly 
distributed  in  the  gas,  the  following  expression  for /j  was  derived  by  Nordheim.— 


where 


=  reduced  time  coefficient 


thermal  conductivity,  specific  heat,  and  density  of  steel, 
respectively 


ts 

X, 

i 


coordinate  of  position  in  the  gun  tube  at  a  definite  point 
calculated  as  tube  volume  up  to  point  divided  by  the  cross- 

sectional  area  of  the  bore,  A 


coordinate  of  position  at  beginning  of  projectile  travel,  calcu¬ 
lated  as  chamber  volume,  (L  divided  by  cross  sectional  area  of  the 
bore,  A  ^ 


bulk  density,  density  and  impetus  of  propellant,  respectively 

charge  weight,  maximum  chamber  pressure,  and  barrel  cross-sectional 
area,  respectively 


=  reduced  projectile  mass,  calculated  as  =  1.04  )  where 

projectile  mass 
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m- 


^  function  of  the  reduced  travel 
atio,  V  ) »  given  as,  (before  burnout) 


r/7-)-.  ,  I/- 


(4) 


where 

where 


and,  (after  burnout) 

£  =  burning  parameter,  given 

(p  =  reduced  burning  constant,  given  as,p^ 

^  ^  ITJ'k  propellant  gases,  a  value  of  Y=  1  35 

has  been  used  in  all  calculations  and  equations  ® 


(5) 


The  reduced  travel  ratio,  ,  ,3  given  in  integral  form  as,  (before  burnout) 

Lii^v 


(6) 


/.OS 

and,  (after  burnout) 


•4  (sy[n^j‘i‘^  i'y^-s^T-7. ) 


(7) 


where 


^  -  reduced  travel  ratio, 

£  =  ratio, 

^  =  reduced  travel  ratio,  at  all  burnt, 

Bl  ~  burnt  position,  given  as  •<'?/u  ■ 


dimensionless  time,  and  time  at  all  burnt  position.  T,  given  as 
a  function  of  ^ 
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“  reduced  travel  at  beginning  of  projectile  motion  given  as 

^  "  cc/a  jp^ 

=  reduced  travel  coordinate  describing  the  projectile’s  motion. 


given  as 


^  -  time  of  travel,  related  to  ^  as,  ^  -cLl^  where  ^o) 

The  temperature  of  the  gas  >^,  is  given  as  a  function  of  the  reduced  travel 
and  the  adiabatic  flame  temperature,  ,  of  the  gas,  ^ 


(8) 


before,  and  after  burnout,  respectively. 


After  muzzle  exit,  the  following  expressions  are  used  to  calculate  the  heat 


transfer  coefficient  and  gas  temperatures.- 


~7^—  7"  f  /—  ^ 


(9) 


(10) 


where  -  dimensionless  time,  velocity  and  coordinate  of  position  at  the 

''^muzzle,  respectively 


6  - 
H 


reduced  heat  transfer  coefficient  given  as 

//  =  values  of  /-/,  and  r.  respectively,  at  the  muzzle 

The  friction  factor  A  >  must  be  determined  empirically.  Based  on  the  experi¬ 
ments  of  R,  C.  Machler,  the  following  expression  for  the  friction  factor,  as  a 
function  of  the  bore  diameter,  D,  has  be^  deri^6j^-^2 

(11) 


diameter,  D,  has  be^  derived-- 


A  value  for?  "  13.2  has  been  determined  to  fit  Machler’s  .50  caliber  machine 
gun  firings,  based  on  a  heat  input  measurement  of  11.1  cal/cm^  at  a  point  just 
before  the  forcing  cone.— ^ 


Given  values  for  all  the  parameters,  previously  defined,  a  convective  heat 
transfer  coefficient  history  can  be  calculated  during  gun  firing,  at  any  position 
along  the  barrel,  and  using  a  numerical  finite  element  type  of  analysis  as  described 
in  reference  ^/ ,  a  complete  temperature  time  history  can  be  calculated  for  the  tube 
wall. 
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CALSPAN  METHODOLOGY 


According  to  tubular  flow  theory,—^  the  convection  coefficient  is. 


iWT 


where  ^  velocity,  density,  viscosity  and  conductivity 

^  =  tube  diameter 
C'Pr  =  empirical  constants 
=  gas  pressure 

Simplifying  and  combining  yields 


(12) 


where 


h4i)-K^-) 

cAjPn-  ,  1=  1/5 


(13) 


By  definition,  the  convection  coefficient  is, 


CT^-Tco) 


where 


=  heat  flux  rate  to  the  surface 


(14) 


7a. 7(4)  =  propellant  gas  and  barrel  \jall  temperatures,  respectively 

a' 


The  value  of  B,  at  specific  stations  for  a  given  weapon  firing  a  given  charge 
can  be  calculated  as  followal/,  i.e.  equating  equations  (13)  and  (14)  and  inte¬ 


grating: 


d 


(15) 


The  integral  in  the  numerator  represents  the  total  heat  input,  Qin> 
station  in  question,  and  is  determined  from  actual  temperature  data  obtained  from 


in-wall  thermocouples 


4/ 


The  gas  temperature  is  calculated  by  applying  the  equation  of  state  for  the 
propellant  gas  to  the  following  energy  equationiL/ 

(16) 


Heat  Loss 
to  Walls 


Work  Done 
on  Projectile 


Energy 
in  Gas 


Total  Heat 
Available 


III-176 


The  gas  temperature  is  assumed  to  decay  as  a  function  of  the  pressure  decay 
beyond  the  muzzle  time,  where  the  pressure  is  considered  to  decrease  exponentially 
with  time. 

An  initial  value  for  the  temperature  of  the  tube  wall, is  assumed,  and  a 
first  estimate  of  B  is  made  using  equation  (15),  then  is  calculated  according 

to  equation  (13).  The  history  is  then  applied  to  a  .24  inch  plane  homoge¬ 

neous  "slab",  and  the  temperatures  and  total  heat  input,  Q^alc’  calculated  using  a 
finite  element  analysis,  as  described  in  reference  A/.  The  value  of  B  is  varied 
according  to  the  ratio  Qcalc/Qin>  ^  ^cw  history  calculated,  and  the  "slab" 

calculations  repeated.  When  the  value  of  Qcalc  within  5  percent  of  Qin,  the 

resulting  history  is  assumed  to  be  correct. 

The  heat  loss  to  the  wall,  Qioss>  a  function  of  the  barrel  radius,  station 
of  interest,  the  measured  heat  input  the  time  to  reach  each  respective 

station  of  interest. 

The  work  done  on  the  projectile  is  calculated  by  integrating  the  pressure- 
travel  function  obtained  from  the  calculated  interior  ballistics  data  for  the 
weapon  considered.  The  velocity  of  the  gas,  Vg,  and  the  gas  pressure,  Pg,  is 
obtained  from  interior  ballistic  calculations. 

Reference  _3/  presents  a  full  description  of  the  above  formulations  and  complete 
equations . 


PROCEDURE 

The  Nordheim-Soodak  (N-S)  model  has  been  computerized  by  the  author,  incorpo¬ 
rating  the  "slab"  routine  to  calculate  the  temperatures  and  resulting  heat  flux 
into  the  tube  wall.  Additionally,  an  iterative  procedure  allows  for  the  calcula¬ 
tion  of  the  "friction  factor", A  ,  which  reproduces  any  given  value  of  the  total 
heat  input,  Qin,  within  any  specific  tolerance.  The  program,  then,  has  the  capa¬ 
bility  to  calculate  heat  transfer  coefficients  for  a  given  value  of  X  >  ^nd  also 
to  calibrate  A  to  reproduce  given  values  of  total  heat  input. 

Using  this  program,  the  friction  factor  has  been  calibrated,  as  a  function  of 
reduced  position  down  the  bore,  against  the  Calspan  experimental  values  of  the  heat 
input  for  the  105mm,  155mm,  and  8  inch  artillery  weapons  firing  their  respective 
charges . 

Also,  the  heat  transfer  coefficient  history,  and  subsequently  the  bore  surface 
temperatures  and  gas  temperatures  were  calculated  for  a  conceptual  155mm  weapon 
using  both  the  N-S  model  and  the  Calspan  methodology. 

WEAPON  SYSTEMS  DATA 


ARTILLERY  HEATING  DATA 


Table  I  gives  a  description  of  each  of  the  artillery  systems,  considered  in  this 
study,  and  the  respective  values  of  the  measured  heat  input  Qxn  >  the  distance 

from  the  rear  face  of  the  tube  (RET)  at  which  the  thermocouples  were  placed. A/  -5.^  — ^ 
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MUNITIONS/PROPELLANT/GUN  DATA 


Table  II  gives  the  values  of  the  required  design  parameters  relating  to  the 
weapon  systems.  Table  III  gives  the  values  of  the  propellant  constants  used  for 
this  study. 

HEAT  TRANSFER  THERMAL  CONSTANTS 


The  following  average  values  for  gun  steel  were  used:  Cc.  =  0.156  btu/lb^-^F 
K  =  0.007  btu/ft-sec~^F,  490.0  Ib^/ft^;  and  2.80  oc^cm2-se?^/cal. 2/ 

155MM  CONCEPT  DATA 


The  conceptual  155Tran  system  consists  of  a  tube  design  similar  to  that  of  the 
M185  cannon,  but  5  percent  greater  in  wall  thickness,  overall;  a  chamber  volume  of 
1400  cubic  inches,  a  235  inch  shot  travel,  and  an  M203  propelling  charge  of  26.1 
lbs.  containing  17.5  oz.  of  TI—02  wear  reducing  additive. 

The  friction  factors  used  to  calculate  the  heat  inputs  for  this  concept  were 
estimated  from  the  calibrated  values  for  the  M199  cannon  firing  the  M203  charge, 
system  4,  Table  I. 


RESULTS 


CALIBRATED  FRICTION  FACTORS 

Figures  1,  2,  3,  and  4  present  plots  of  the  reciprocal  calibrated  friction 
factor  as  a  function  of  reduced  position  along  the  bore  for  each  of  the  systems 
listed  in  Table  I.  Table  IV  gives  the  same  data  in  tabular  form. 

ESTIMATED  HEATING 

The  estimated  values  for  the  total  heat  input,  as  a  function  of  position  along 
the  bore,  the  heat  transfer  coefficients,  gas  temperatures,  and  bore  surface  temper¬ 
atures  as  calculated  from  the  respective  methodologies,  as  a  function  of  time,  for 
the  conceptual  155mm  system,  are  presented  in  figures  5,  6,  7,  and  8,  respectively. 

CONCLUSIONS 

It  is  worthwhile  to  remember  that  the  methodologies  presented  assume  that  the 
equations  of  heat  transfer  for  steady,  fully  developed  flows  in  pipes  can  be  applied, 
instantaneously,  over  the  time  domain  involved,  despite  the  lack  of  such  a  flow  in 
gun  tubes.  However,  both  the  Nordheim  and  Calspan  methodologies  provide  a  technique 
for  calculating  gun  barrel  heat  transfer  coefficients  which  do  not  differ  signifi¬ 
cantly  from  each  other;  and  because  of  the  impulsive  nature  of  the  heating,  it  would 
not  be  expected  that  the  calculated  residual  temperatures  would  be  different. 

The  Calspan  technique  and  methodology  is  based  on  actual  firings,  and  calibrates 
the  calculated  heating  values  against  the  measured  data,  and  thus  provides  the  best 
approach  for  calculating  gun  barrel  temperatures. 
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RECP  FFflCTOR  PROFILE 

105MM  XM205  CANNON  CHARGES 
SrS  (15)  =M67  (27)  (Ml.  NA) 

STS  (16)^XM200  (M30ni.  NA) 

MACH  =  MACHLER  PREDI.CTEO  VALUE  (2  =  1  3.  2  ) 


RECP  FFflCTOR  PROFILE 

8  IN  XM201  CANNON  CHARGES 
STS  (10)  =M123  (MI.  NA) 

STS  (1  1 )  =M1Z5  (Ml.  NAl 
STS  (12)*M2Z7 (Ml,  NA) 

STS  (13) =XM188E2 (M30A1.  NA) 

STS  (U)=XM188E2  (M30A1,  2502  TI-02) 
MACH=MACHLER  PREDICTED  VALUE  (2= 1 3. 2 ) 


REDCO  POSITION.  TS/TO 


REDCD  POSITION.  TS/TO 


RECP  FFflCTOR  PROFILE 

155MM  H185  CANNON  CHARGES 
STS  (n>M4A2  (Ml.  NA) 

STS (2) =M1 19 (M6. NA) 

STS (8) =XM201E2  (M30A1. 9. 502  TI-02) 

STS (9)=XM201E2 (M30A1.  1902  TI-a2) 

MACH  =  MACHLER  PREDICTED  VALUE  (2  =  1 3.  2 1 


RECP  FFflCTOR  PROFILE 

155MM  M199  CANN0N/M203  CHARGE  (MSOAl) 
STS(3)=N0  HEfiVt  REDUCING  ADDITIVE 
STS  (41  =  17.  502  TI-02 
STS  (5) =17. 502  TALC/WAX 
STS  (6) =0ASE  ABLATOR 
STS  (7) =SUPER  SLURPER 
MACH  =  MACHLER  PREDICTED  VALUE  (2= 1 3. 2 ) 


REDCO  POSITION.  TS/TO 


REDCO  POSITION.  TS/TO 
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H  (BTU/SQFT/SEC/DG-R) 


HEATING  COEFFICIENT 

RT  ORIGIN  OF  RIFLING 
CRLSPRN  VS  NORD  SOODRK  MODELS 
155HM  CONCEPT  (235INCH  TUBE) 

UO= 1400INMX3, C=26. 1LBSIM203  CHRRGE) 


BORE  TEMPERATURE 

RT  ORIGIN  OF  RIFLING 
CRLSPRN  VS  NORD  SOODRK  MODELS 
155MM  CONCEPT  (235INCH  TUBE) 
U0=1400INii«3,  C  =  26.  ILBS  (M203  CHARGE) 


--<1980  1100  OK) 

— (19U  OR,  1063  OK) 


TIME  (MILLISECS) 


TIME  IMILLI  SECS) 


TUBE  HEATING  PROFILE 

155MM  CONCEPT  I235INCH  TUBE) 
U0=I400IN*»3. C  =  26.  ILBS  (M203  CHARGE) 


GAS  TEMPERATURE 

CRLSPRN  VS  NORD  SOODRK  MODELS 
155MM  CONCEPT  1235INCH  TUBE) 

U0  =  1400IN««3. C  =  26.  ILBS(M203  CHRRGE) 


RXIRL  DISTRNCE  IINI 


TIME  (MILLI  SECS) 
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TABLE  II.  MUNITIONS/nUN  DATA. 


(K-lbf/ln^) 


TABLE  IV.  CALIBRATED  FRICTION  FACTORS. 


(i/x.  y./yp) 

(SAB. 1.2.40) 


TABLE  I,  artillery  HEATING  DATA. 


(1597.0,2.05)  (603.6.: 


(797. 3. J3. 30) 


TABLE  III.  PROPELLANT  CONSTANTS 


^  (InVlb,)  Cp(c»l/gi»-°C)  ^p(lb„/ln^  F(K-ft-lbf/lb.)  T^(0-l() 


m.  M185.  HAA2.  NA,  (HI) 
m,  MI85.  M1I9,  NA.  (M6) 


.  MI99.  M203,  NA,  {M30A1) 


(qin(btu/ft^).  RFT  (Inchta)) 


(124,41.85)  (103,65.0)  (100.100.0)  (66,210,0) 


..  «199.  M203.  17.5  o*  T,02.  (M30A1)  (101.41.85)  (51.65.0)  (82.100.0)  (66,210.0) 
.  H199.  M20J.  17.5  o.  TMc/W.x,  (M30A1)  (92.41.85)  (49.65.0)  (79,100.0)  (60.210.0) 
.  m99.  M201.  B»s..  AbUtor.  (M30AI)  (85.41.85)  (45.65.0)  (66.100.0)  (63.210.0) 
.  H199,  .N203.  S..p..r  Slurp.-r.  (H30AI)  (97.41.85)  (49,65.0)  (80.100.0)  (65.210.0) 
.  M185.  X>1201E2.  9.5  oi  TjO,.  (H30A1)  (114.39.6)  (69.83.0)  (42,236.5) 

.  M185.  XM20IE3.  19  oz  TjOj.  {M30A1)  (103.39.6)  (62,83.0)  (38.236.5) 


,  XM201.  HI  (23).  NA,  (,MI) 
,  X.M201.  M1(Z5).  NA.  (Ml) 


,  X.'I201.  .\.M188E2,  NA,  (M30AI) 


(62.42.36)  (36.102.36)  (32,171.86)  (9,307,86) 

(87.42.36)  (66.102,36)  (58,171.86)  (15,307.86) 

(102.42.36)  (84,102.36)  (75,171.85)  (21,307.86) 

(156.42.36)  (143,102.36)  (117,171.86)  (49,307.86) 


.  )CH20I.  .■Oll8aE2,  35  <.J  TtOj  (M30At)  (1  31.42.36)  (  124,102.36)  (100,  171.86)  (43.3 

’•  <■"’  (47.5.  11,4)  (  23.8  !,.)  (9,151.4) 

>.  X.N205.  NH2n0(,-’H).  SA.  (H30A1)  (71.11.4)  (44.81.4)  (71 
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ROLE  OF  SURFACE  OXIDE  ON  GUN  BARREL  WEAR 


I.C.  Stobie  and  J.R.  Ward 
USA  Ballistic  Research  Laboratory 
Aberdeen  Proving  Ground,  MD 

ABSTRACT 

Earlier  analysis  of  gun  tubes  and  steel  nozzles  exposed  to  propellant 
combustion  gases  showed  that  a  tenacious  oxide  layer  is  left  on  the  surface  after 
firing.  The  thickness  of  the  oxide  layer  was  inversely  proportioned  to  the  flame 
temperature  of  the  propellant.  Experiments  were  performed  in  a  37-mm  blow-out  gun 
to  determine  whether  the  oxide  layer  influences  wear.  The  experiments  were 
performed  with  a  nozzle  that  had  been  conditioned  with  Ml,  M30,  M5,  or  M8 
propellant.  The  results  showed  the  oxide  layer  Insulates  the  steel  and  reduces 
erosion.  The  wear  with  M8  propellant  decreased  as  the  flame  temperature  of  the 
propellant  used  for  the  previous  shot  decreased.  Conversely,  the  wear  with  Ml 
propellant  increased  as  the  flame  temperature  of  the  propellant  from  the  previous 
shot  increased. 

These  results  show  the  Effective  Full  Charge  (EFC)  factors  determined  from 
standard  wear  tests  may  not  predict  total  wear  when  rounds  with  different 
propellants  are  fired  in  combination.  These  results  also  suggest  that  if 
propellants  with  comparable  flame  temperatures  produce  different  oxide  thicknesses, 
the  wear  could  be  significantly  greater  for  the  propellant  with  the  thinner  oxide 
layer. 

The  oxide  layer  effect  was  shown  in  Imbedded  thermocouple  tests  in  a  105-mm 
tank  gun.  The  heat  transfer  was  higher  in  a  M392A2  round  proceeded  by  an  M490 
without  a  liner  than  an  M392A2  proceeded  by  an  M467.  The  M467  conditions  the  barrel 
with  a  thicker  oxide  layer.  A  similar  trend  was  shown  with  M490  rounds  with 
conditioning  rounds  that  had  different  oxide  thicknesses. 

The  oxide  layer  effect  was  used  to  explain  abnormally  high  wear  in  a  study 
where  M392A2  rounds  and  M467  rounds  were  fired  alternately.  The  total  wear  was 
twice  as  great  as  predicted  by  the  correlation  of  heat  transfer  from  the  M392A2  and 
the  wear  from  a  wear  test  of  M467  TP-T  rounds. 

INTRODUCTION 

1  2 

Earlier  analysis  >  of  steel  nozzles  exposed  to  propellant  combustion  gases 
showed  that  a  tenancious  oxide  layer  is  left  on  the  surface.  The  thickness  of  the 
oxide  layer  was  inversely  proportional  to  the  propellant's  flame  temperature  as 
Illustrated  in  Table  1.  If  this  oxide  layer  affects  the  subsequent  round,  it  is 
conceiveable  that  wear  produced  from  firing  rounds  with  different  propellants  will 
be  much  different  than  that  expected  from  EFC  factors  determined  from  wear  tests 
where  rounds  with  a  given  propellant  are  fired  continuously. 


Approved  for  public  release; 
distribution  unlimited 
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TABLE  1.  OXYGEN  CONCENTRATION  PROFILES  ON  STEEL  EXPOSED  TO 
PROPELLANTS  WITH  DIFFERENT  FLAME  TEMPERATURES 


Propellant 

Flame  Temperature,  K 

Oxygen,  atoms/i 

M2 

3,375 

9 

M30 

2,994 

17 

Ml 

2,480 

34 

In  order  to  determine  if  wear  was  influenced  by  firing  combinations  of 
propellants  with  different  flame  temperatures,  tests  were  run  in  a  37-inm  blowout  gun 
with  Ml,  M30,  M5  and  M8  propellants.  In  one  set  of  tests,  M8  was  fired  alternately 
with  another  propellant  to  see  the  effect  when  the  nozzle  had  a  thin  oxide 
coating.  A  second  set  of  tests  was  run  with  Ml  propellant  to  see  the  effect  when 
the  nozzle  had  thick  oxide  deposit.  The  wear  in  these  sets  of  tests  was  compared 
with  wear  from  repeated  shots  with  M8  or  Ml  propellant. 

EXPERIMENTAL 

The  compositions  of  the  four  propellants  used  in  the  wear  tests  are  listed  in 
Table  2.  Thermochemical  properties  computed  by  the  BLAKE  code*^  are  listed  in  Table 
3  where 

T  =  flame  temperature, 

F  =  impetus, 
n  =r  co-volume, 

M  =  molecular  weight, 

Cp  =  specific  heat, 

=  ratio  of  specific  heats. 

The  wear  measurements  were  done  with  a  37-mm  blowout  gun  described  earlier.^  Wear 
was  determined  by  weighing  a  contoured  steel  nozzle  after  each  shot.  In  these 
experiments,  the  nozzle's  throat  diameter  was  12.5  mm  which  gave  a  rupture  pressure 
of  262  MPa  (38  kpsi)  with  two  1.6  mm  thick  shear  disks.  Propellant  charge  masses 
were  adjusted  to  give  a  closed  bomb  pressure  of  306  MPa  (44.4  kpsi)  to  insure  shear 
disk  rupture. 

Baseline  wear  was  determined  by  repetitive  firings  in  which  each  propellant  was 
fired  alternately  with  M8,  and  then  each  propellant  was  fired  alternately  with  Ml  to 
test  the  effect  of  oxide  layer  on  wear. 

RESULTS  AND  DISCUSSION 

Table  4  summarizes  the  effect  on  wear  of  M8  propellant  as  the  propellants  with 
progressively  lower  flame  temperatures  at  thicker  oxide  coatings  are  fired 
alternately.  One  can  see  that  the  oxide  acts  as  an  insulator  with  the  greatest 
difference  in  M8  when  Ml  propellant  is  the  conditioning  round. 

Table  5  summarizes  the  reverse  experiment  in  which  one  examines  the  effect  on 
Ml  wear  as  propellants  leaving  thinner  oxide  coatings  are  fired  alternately.  Again, 


III-183 


the  trend  shows  that  the  oxide  insulates  the  steel,  the  difference  in  wear  being 
greatest  with  M8.  These  results  are  plotted  in  Figures  1  and  2. 

Tables  6  and  7  show  the  results  for  M5  propellant  and  M30  propellant 
illustrating  that  there  is  no  significant  difference  in  wear  regardless  of  the 
propellant  used  on  the  previous  round.  This  suggests  that  there  is  a  threshold 
thickness  in  the  oxide  which  must  be  exceeded  before  measurable  differences  in  wear 
are  obtained,  and  the  thicker  the  oxide  the  more  protection  provided.  This  is 
entirely  analogous  to  the  role  Ti02  plays  in  wear-reducing  additives^. 

TABLE  2.  COMPOSITIONS  OF  PROPELLANTS 


M30 

Nitrocellulose  81.95  52.15  85.00  28.0 

(Percent  Nitrogen)  (13.25)  (13.25)  (13.25)  (12.6) 

Nitroglycerine  15.00  43.00  -  22.5 

Nitroguanidine  -  -  — - —  47.7 

Ethyl  Centralite  0.60  0.60  -  1.5 


Barium  Nitrate  1.40  - 

Potassium  Nitrate  0.75  1.25 

Diethylphthalate  -  3.00 


Dinitrotoluene  -  -  10.0  - 

Dibutylphthalate  -  -  5.00  - 

Cryolite  -  -  -  0.3 

Diphenylamine ,  Added  -  -  1.00  - 

Ethyl  Alcohol,  Residual  2.30  0.40  0.75  0.2 

Water,  Residual  0.70  -  0.50  - 

Graphite  0.30  -  -  - 
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Figure  2.  Ml  Propellant  Wear  Vs  the  Flame  Temperature  of  the  Preceeding  Round 


TABLE  3.  SUMMARY  OF  THERMOCHEMICAL  PROPERTIES  AND  COMBUSTION  GASES 

OF  PROPELLANTS 


Prop 

Temp 

K 

Force 

j/g 

cm^/g 

M 

g/mole 

CO* 

CO2* 

H2O* 

Hz* 

Nz* 

c_ 

J/mole 

Y 

M8 

3,716 

1,178 

0.970 

26.2 

13.0 

6.4 

10.2 

2.4 

5.4 

47.7 

1.22 

M5 

3,264 

1,079 

1.003 

25.1 

16.5 

4.9 

9.3 

4.0 

4.9 

45.5 

1.23 

M30 

3,021 

1,078 

1.050 

23.3 

11.8 

3.0 

10.5 

5.5 

11.9 

41.1 

1.24 

MI 

2,480 

928 

1.108 

22.2 

22.8 

2.4 

6.1 

9.1 

4.5 

41.0 

1.27 

*Moles  of  gas/kg  of  propellant. 

TABLE  4.  EFFECT  OF  SURFACE  OXIDE  ON  WEAR  OF  M8  PROPELLANT 


Conditioning 

Propellant 

Flame 

Temp  K 

Charge  Mass,  g 

No. 

Shots 

M8  Mass  Loss 
mg/shot* 

M8 

3,716 

68.4 

6 

240.5  ±  15.0 

M5 

3,264 

72.8 

3 

219.3  ±  5.0 

M30 

3,021 

72.2 

2 

219.5  dt  8.1 

Ml 

2,480 

80.09 

3 

199.6  ±  14.4 

*Evror  expressed 

as  sample  standard  deviation* 

TABLE  5.  EFFECT 

OF  SURFACE  OXIDE 

ON  WEAR 

OF  Ml 

PROPELLANT 

Conditioning 

Propellant 

Flame 

Temp  K 

Charge  Mass,  g 

No. 

Shots 

Ml  Mass  Loss 
mg/shot* 

Ml 

2,480 

80.09 

5 

1.1  ±  0.4 

M30 

3,021 

72.2 

4 

1.9  ±  1.7 

M5 

3,264 

72.8 

4 

2.4  ±  1.7 

M8 

3,716 

68.4 

4 

4.0  ±  0.8 

*Error  expressed  as  sample  standard  deviation. 
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TABLE  6.  EFFECT  OF  OXIDE  COATING  ON  WEAR  WITH  M5  PROPELLANT 


Conditioning 

Propellant 

Flame  Temp,  K 

No.  Shots 

M5  Mass  Loss,  mg/shot* 

M8 

3,716 

3 

48.6  ±  3.7 

M5 

3,264 

5 

50.7  ±  6.0 

Ml 

2,480 

3 

44.2  ±  3.1 

*Error  expressed 

as  sample  standard  deviation. 

TABLE  7.  EFFECT  OF 

SURFACE  OXIDE 

ON  WEAR  OF  M30  PROPELLANT 

Conditioning 

Propellant 

Flame  Temp,  K 

No.  Shots 

M30  Mass  Loss,  mg/shot* 

M8 

3,716 

3 

12.3  ±  5.8 

M30** 

3,021 

7 

10.8  ±  3.1 

M30** 

3,021 

6 

3.9  ±  1.1 

Ml 

2,480 

4 

5.5  ±  1.3 

*Errov  expressed  as  sample  standard  deviation  • 

**Different  M30  lots  used  in  alternate  firings  with  Ml  and  M8. 


Some  evidence  for  the  insulation  by  low-flame  temperature  propellants  in  guns 
may  be  found  by  examining  heat  input  with  different  "clean-out"  rounds.  If  the  heat 
input  for  the  M392  round  (M30  propellant)  with  an  M467  cartridge  (Ml  propellant)  as 
cleanout  round  reflects  the  contribution  from  the  oxide  deposit  left  by  the  M467 
round,  then  the  M392  cartridge  should  have  higher  heat  input  if  the  cleanout  round 
were  an  M392  round  without  additive  or  an  M392  round  with  polyurethane  foam.  Each 
of  these  rounds  is  more  erosive  than  the  M467  cartridge,  hence  each  should  leave  a 
thinner  oxide.  The  first  experiments  to  measure  heat  input  of  105-mm  tank  rounds 
did  use  M392  rounds  minus  Ti02-wax  additive  as  cleanout  rounds,  but  the  ^ 
thermocouples  were  not  in  the  same  axial  location  as  in  the  second  test.  One  can 
use  data  from  rounds  common  to  both  tests  to  estimate  heat  input.  Table  8 
summarizes  the  heat  transfer  results  where  one  first  notes  that  total  heat  input 
decreases  as  one  goes  downbore.  One  would  expect  the  heat  input  from  an  M392A2 
round  following  an  M392  round  (no  additive)  to  be  higher  than  a  M392A2  following  an 
M467.  The  heat  input  for  the  M392  clean-out  round  heat  input  for  the  M392  round  is 
higher  at  641mm  RFT. 
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TABLE  8.  EFFECT  OF  CLEANOUT  ROUND  ON  HEAT  INPUT  FROM  M392  CARTRIDGE* 


Cleanout 

Heat 

Input , 

J/mm 

Cartridge 

Additive 

Round 

641mm** 

667mm*** 

IjOlOmm*** 

M392A1 

none 

none 

449 

426 

359 

M392A2 

polyurethane 

foam 

none 

416 

401 

342 

M392A2 

Ti02~wax 

M392  no 
additive 

— 

380 

321 

M392A2 

T102“wax 

M467TP-T 

381 

— 

— 

*  Axial  distances  measured  from  rear  face  of  tube 
**  Reference  3 
***  Reference  5 

Another  opportunity  to  test  the  effect  of  previous  rounds  on  heat  input  was  in 
the  evaluation  of  wear-reducing  additives  for  the  105-miii  tank  cannon'  where  rounds 
without  wear-reducing  liners  were  used  as  **clean-out”  rounds  along  with  M467  TP-T 
cartridges.  The  pertinent  data  are  listed  in  Table  9  where  the  heat  input  effect  is 
reflected  as  the  peak  temperature  of  the  thermocouple  nearest  the  bore  surface.  The 
peak  temperature  for  both  the  M392A2  and  the  M490  cartridges,  both  with  M30 
propellant,  was  higher  following  a  "no  liner"  cleanout  round  the  M467  TP-T  (Ml 
propellant)  cartridge. 

TABLE  9.  EFFECT  OF  "CLEAN-OUT"  ROUND  ON  HEAT  INPUT 


Round 

Temperature  Rise,  K 

Clean-out  Round,  Propellant 

M392A2 

157 

M490  (no  liner),  M30 

M392A2 

150 

M467,  Ml 

M490 

182 

M490  (no  liner),  M30 

M490 

174 

M490  (no  liner),  M30 

M490 

167 

M467,  Ml 

Tlie  failure 

to  see  any  change  in  wear 

for  M5  and  M30  propellants  regardless  of 

the  propellant  used  on  the  previous  shot  implies  the  difference  in  thickness  between 
the  oxide  left  by  repetitive  firing  and  by  firing  Ml  or  M8  is  not  sufficiently  thick 
to  change  the  heat  transfer  rate  to  affect  wear  measurably  in  the  blow-out  gun.  An 
analogous  situation  illustrating  this  point  involved  a  Navy  experiment  in  which 
rounds  were  shot  with  three  propellants  having  flame  temperatures  ranging  from  2,100 
to  3,000  K.®  Charge  weights  were  adjusted  to  give  equivalent  interior  ballistics. 
Rounds  were  fired  without  wear-reducing  additive  and  repeated  with  additive. 
Presumably,  the  oxide  layer  deposited  was  equivalent  for  each  propellant,  yet  the 
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change  in  wear  was  most  dramatic  for  the  3,000  K  propellant  and  not  even  measureable 
for  the  2,100  K  propellant. 

Heat  input  could  be  used  to  determine  which  combination  of  rounds  produces  the 
most  wear.  For  rounds  with  a  wear  reducing  additive  depositing  an  insulating 
residue,  the  combination  would  appear  to  be  the  alternate  shots,  since  the 
insulating  residue  from  repeated  firings  of  either  Ti02-wax  additive  of  Ml 
propellant  is  not  formed.  Niiler,  et  al^,  recently  showed  the  oxide  from  Ml 
propellant  builds  on  repeated  firing  much  like  the  residue  from  the  Ti02“wax  liner. 

CONCLUSIONS 

1.  Gun  barrel  wear  from  propellant  combustion  gases  is  affected  by  the  oxide  left 
on  the  surface  by  the  previous  shot.  The  oxide  acts  as  an  insulator.  Since  the 
oxide  thickness  varies  inversely  with  propellant  flame  temperature,  wear  increases 
following  a  shot  with  a  higher  flame-temperature  propellant  and  decreases  following 
a  shot  with  a  lower  flame -temperature  propellant. 

2.  The  EFC  factors  determined  from  conventional  gun  wear  tests  where  a  given  round 
is  fired  repeatedly  will  not  predict  wear  when  rounds  with  different  flame 
temperatures  are  fired  in  combination. 

3.  Limited  analysis  of  heat  transfer  results  in  the  M68  tank  cannon  suggests  the 
heat  input  is  sensitive  to  the  previous  round.  This  suggests  that  the  oxide  layer 
influences  wear  in  guns  and  heat  input  measurements  can  be  used  to  determine  what 
combination  of  rounds  produces  the  worst  wear. 
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H*  J.  Gibeling  and  H,  McDonald 
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ABSTRACT 

A  two-dimensional  implicit  interior  ballistic  computer  code  (ALPHA)  has  been 
developed  to  solve  the  turbulent  two-phase  flow  in  a  gun  tube  beginning  with  primer 
discharge  and  ending  with  the  projectile  exiting  the  tube.  The  detailed  prediction 
of  flow  properties  in  a  gun  barrel  during  firing  would  aid  in  the  understanding  and 
prevention  of  both  gun  barrel  erosion  and  catastrophic  gun  failures.  The  governing 
partial  differential  equations  were  formulated  in  strong  conservation  form  by  appli¬ 
cation  of  a  Jacobian  transformation  to  the  equations  in  cylindrical  polar  coordin¬ 
ates.  The  formulation  includes  the  following  constitutive  models:  Noble-Abel  gas 
equation  of  state,  molecular  viscosity  and  thermal  conductivity,  turbulent  viscosity 
and  length  scale,  intergranular  stress  relation,  interphase  drag  and  heat  transfer 
relations,  and  a  burning  rate  correlation  for  solid  phase  combustion.  One-dimen¬ 
sional  heat  conduction  models  are  utilized  to  obtain  both  the  barrel  wall  surface 
temperature  and  the  average  solid  particle  surface  temperature.  An  axisymmetric 
time-dependent  adaptive  coordinate  system  for  interior  ballistics  flow  field  calcu¬ 
lations  is  utilized,  and  distinct  filler  elements  and  the  projectile  are  treated 
using  a  quasi-one-dimensional  lumped  parameter  analysis.  The  governing  equations, 
constitutive  relations  and  the  time-dependent  coordinate  system  have  been  incorpor¬ 
ated  into  an  existing  computer  code  which  solves  the  multi-dimensional  time-depen- 
dent  compressible  Navier-Stokes  equations  using  a  consistently  split,  linearized, 
block- implicit  numerical  procedure  developed  by  Briley  and  McDonald. 

Results  have  been  obtained  for  the  two-dimensional,  two-phase  flow  in  a  gun 
tube  with  a  noncombusting  particulate  phase.  The  initial  conditions  for  this  case 
were  uniform  except  for  a  small  gas  phase  region  near  the  projectile  base,  and 
spherical  particles  with  100pm  diameter  were  considered.  Results  are  also  presented 
utilizing  5ym  diameter  spherical  particles  with  two  different  tube  wall  boundary 
conditions  on  the  solid  phase  tangential  velocity  component.  These  calculations 
demonstrate  the  importance  of  the  particle-wall  interaction.  The  computed  results 
obtained  demonstrate  the  feasibility  of  making  two-dimensional,  two-phase  predic¬ 
tions  for  the  flow  in  a  gun  tube.  This  procedure  also  provides  a  framework  for  the 
development  and  evaluation  of  two-phase  flow  turbulence  models  and  constitutive 
relations  which  are  appropriate  for  a  multi-dimensional  prediction  scheme. 


*This  work  was  supported  by  the  U.S.  Army  Ballistic  Research  Laboratory 
under  Contract  DAAK11-79-C-0098 . 

Approved  for  public  release;  distribution  unlimited. 
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INTRODUCTION 


A  detailed  understanding  of  the  phenomena  occurring  within  a  gun  tube  during 
firing  would  aid  in  the  development  of  modern  high  muzzle  velocity  gun  systems. 

In  particular,  the  reliable  prediction  of  flow  properties  in  the  gun  tube  would  aid 
in  understanding  and  prevention  of  both  gun  barrel  erosion  and  catastrophic  gun 
failure.  The  ballistic  cycle  which  we  wish  to  simulate  begins  with  the  ignition  of 
the  solid  propellant  particles,  and  ends  with  the  projectile  exiting  the  gun  tube 
and  the  discharge  of  hot  gases  and  any  unburned  propellant.  The  ignition  of  the 
propellant  particles  is  normally  initiated  by  a  hot  gas-particle  flow  from  a  primer 
consisting  of  an  igniter  and  a  black  powder  charge.  The  hot  primer  gas  glows  into 
the  propellant  bed  and  heats  the  propellant  particles  via  conduction,  radiation  and 
convection.  As  the  propellant  burns  gas  pressure  and  temperature  rise,  thereby 
promoting  the  flame  spread  through  the  propellant  bed.  Pressure  waves  propagate 
through  the  chamber,  and  after  the  pressure  becomes  large  enough  to  overcome  fric¬ 
tional  resistance  to  motion  the  projectile  will  accelerate  down  the  tube.  At  some 
point  in  the  cycle  the  propellant  bed  will  fluidize,  and  interaction  between 
particles  will  diminish.  As. the  projectile  moves  down  the  tube  several  processes 
may  occur  which  are  not  considered  in  the  present  analysis;  these  are  projectile 
instability  and  tube  vibration,  and  leakage  of  propellant  gases  past  the  projectile. 
The  former  two  phenomena  would  not  normally  have  a  significant  influence  on  the 
two-phase  flow  in  the  tube.  While  leakage  of  propellant  gases  may  influence  the 
flow,  especially  near  the  projectile- tube  wall  juncture,  its  consideration  has  been 
deferred  until  a  later  stage  of  the  program  development. 

Until  recently,  most  other  efforts  in  modeling  the  flow  phenomena  in  guns  have 
been  limited  to  quasi-one-dimensional ,  inviscid  two-phase  flow  analyses^”^.  Portions 
of  the  ballistic  cycle  can  now  be  modeled  with  two-dimensional  analyses  by  assuming 
cylindrically  symmetric  flow.  Gough^  has  developed  an  inviscid,  two-dimensional 
analysis  for  the  ignition  phase  of  the  ballistic  cycle.  The  present  analysis  and 
computer  code  ALPHA^>7  were  developed  by  Scientific  Research  Associates  under 
Ballistic  Research  Laboratory  sponsorship.  A  previous  paper^  present  the  initial 
one-phase  flow  applications  of  the  ALPHA  code  to  the  ballistic  cycle*  These  included 
laminar  flow-adiabatic  wall,  turbulent  flow-adiabatic  wall  and  laminar  flow- 
isothermal  wall  simulations. 

This  paper  presents  the  initial  two-dimensional  two-phase,  nonreacting  viscous 
flow  simulation  for  an  idealized  ballistic  cycle  with  lOOpm  diameter  spherical 
particles.  These  two-phase  results  are  compared  with  a  one-phase  simulation  of  the 
cycle  to  illustrate  the  influence  of  solid  particles  on  the  flow  development  in  the 
tube.  Two  additional  two-phase  flow  calculations  with  5pm  diameter  spherical  par¬ 
ticles  and  two  different  tube  wall  boundary  conditions  are  compared  in  order  to 
assess  the  importance  of  the  particle-wall  interaction  mechanisms. 


GOVERNING  EQUATIONS 

The  governing  equations  for  a  two-phase,  two-dimensional  flow  in  a  gun  tube 
have  been  presented  previously^>^.  Since  the  large  number  of  propellant  particles 
present  precludes  treating  each  individually,  the  present  formulation  considers 
averaged  flow  properties.  These  equations^ were  obtained  using  the  formal 
averaging  procedure  presented  by  Gough^^lO  and  Gough  and  Zwarts^,  with  extensive 
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reference  to  the  time-averaging  approach  of  Ishii^^.  In  this  approach  an  averaged 
variable  is  the  space-time  integral  of  the  product  of  the  microscopic  variable  and 
a  weighting  function  which  reflects  the  influence  of  remote  points  on  the  average 
values.  The  microscopic  equations  are  replaced  by  a  set  of  averaged  equations  in 
the  averaged  variables  for  each  spatial  position  and  time.  The  two  phases  are 
treated  distinctly  in  this  so-called  two-fluid  model  with  momentum,  mass  and  energy 
exchange  terms  between  the  two  phases  being  replaced  by  appropriate  constitutive 
relations. 


The  governing  equations  in  the  ALPHA  code  were  formulated  in  conservation  form 
by  application  of  a  Jacobian  transformation  to  the  equations  in  cylindrical-polar 
coordinates^.  An  axis3mTmetric  time-dependent  adaptive  coordinate  system  for  inter¬ 
ior  ballistics  flow  field  calculations  is  utilized,  with  the  projectile  and  any 
distinct  filler  elements  treated  using  a  quasi-one-dimensional  lumped  parameter 
analysis.  The  governing  equations,  constitutive  relations,  and  the  time-dependent 
coordinate  system  have  been  incorporated  into  an  existing  computer  code  which  solves 
the  multidimensional  time-dependent  compressible  Navier-Stokes  equations  using  a 
consistently  split ,  linearized,  block- implicit  numerical  scheme  (LBI)  developed  by 
Briley  and  McDonald^"^’^*^ .  Since  the  LBI  algorithm  is  well-documented  in  Refs,  12 
and  13,  it  will  not  be  discussed  further  here. 


TWO-PHASE  FLOW  MODEL  PROBLEMS 

Because  of  the  complex  nature  of  the  multidimensional,  two-phase  flow  phenomena 
occurring  in  a  gun  tube,  an  idealized  two-phase  flow  in  a  Lagrange  gun  has  been 
simulated.  This  problem  permits  verification  of  the  two-phase  equation  system  in 
the  ALPHA  code,  and  provides  an  understanding  of  some  basic  two-phase  flow  mechan¬ 
isms  which  occur  in  a  real  gun.  The  Lagrange  gun  is  a  smooth  tube  of  constant 
radius  which  is  closed  at  one  end  by  the  breech.  The  model  combustion  chamber  is 
bounded  by  the  breech,  a  flat  based  projectile,  and  the  tube  wall.  The  chamber  is 
filled  initially  with  a  high  pressure,  high  temperature  gas-particle  mixture  with 
a  small  gas-phase  region  adjacent  to  the  projectile  base.  In  the  first  case 
(Case  A),  the  particles  were  chosen  to  be  spherical  with  a  constant  lOOym  diameter 
throughout.  No  combusion  of  the  particles  is  permitted  in  these  calculations,  so 
that  this  simulation  of  the  ballistic  cycle  approximately  represents  that  of  a  real 
gun  if  the  propellant  combustion  ceases  before  the  projectile  begins  moving  at 
time  t  =  0.  As  in  prior  one-phase  Lagrange  gun  simulations®,  frictional  forces 
between  the  projectile  and  the  tube  wall  are  neglected.  For  this  initial  two-phase 
simulation  the  flow  is  assumed  to  remain  laminar  throughout  the  cycle,  and  an 
adiabatic  wall  condition  is  applied.  Even  though  the  actual  flow  in  a  gun  tube  is 
turbulent  and  the  heat  transfer  to  the  walls  influences  the  flow  field,  the  present 
simulations  provide  insight  into  the  effects  of  solid  particles  on  the  viscous  flow 
development  in  the  tube.  The  required  governing  equations  are  the  gas  and  solid 
phase  continuity  and  momentum  conservation  equations,  gas  phase  energy  conservation 
equation  and  the  solid  phase  heat  conduction  equation.  Heat  transfer  between  the 
gas  and  solid  phases  is  accomplished  by  the  interphase  heat  transfer  coefficient 
model  with  the  particle  surface  temperature  advanced  in  time  after  the  coupled 
solution  of  the  gas  and  solid  phase  continuity  and  momentum  equations,  and  the  gas 
phase  energy  equation.  However,  the  test  cases  were  run  with  thermally  insulated 
particles,  i.e.,  no  heat  transfer  between  the  gas  and  solid  phase  was  permitted  and 
the  particle  internal  energy  remained  constant  throughout  the  cycle.  The  particle 
size  is  assumed  to  remain  constant,  and  the  gas  phase  specific  heat  (at  constant 
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pressure)  and  mixture  molecular  weight  are  also  assumed  to  remain  constant  through¬ 
out  the  cycle.  The  Noble-Abel  equation  of  state,  Sutherland's  laws  for  viscosity 
and  thermal  conductivity,  and  the  Fourier  heat  conduction  relation  are  employed 
for  the  gas  phase. 

The  following  coupled  boundary  conditions  are  utilized  for  the  two-phase  calcu¬ 
lation:  at  the  breech,  projectile  and  tube  wall,  no-slip  conditions  are  imposed  on 

the  gas  phase  velocities  and  the  gas  phase  density  is  determined  from  the  normal 
momentum  equation.  At  the  solid  surfaces,  the  adiabatic  condition  of  zero  normal 
derivative  of  gas  temperature  is  applied.  At  the  breech  and  tube  wall,  the  normal 
component  of  solid  phase  velocity  is  assumed  to  be  zero,  while  the  tangential  com¬ 
ponent  is  determined  by  assuming  that  there  is  no  solid  phase  momentum  decrease  due 
to  interaction  with  the  wall.  This  latter  condition  is  approximated  by  assuming  a 
zero  normal  derivative  of  the  solid  phase  tangential  velocity  component.  The  solid 
phase  partial  density  (related  to  void  fraction)  at  the  breech  and  tube  wall  is 
obtained  by  application  of  the  solid  phase  continuity  equation.  At  the  projectile 
base,  the  solid  phase  velocity  and  partial  density  are  set  to  zero  (unit  void  frac¬ 
tion)  since  there  is  only  gas  present  at  that  location.  At  the  t.ube  centerline  the 
symmetry  conditions  of  zero  normal  velocity  and  zero  normal  derivative  of  all  other 
variables  are  imposed. 

The  computational  mesh  employed  in  the  calculations  consists  of  61  uniformly 
spaced  mesh  points  in  the  axial  direction,  and  19  nonuniformly  spaced  mesh  points 
in  the  radial  direction.  The  mesh  points  are  concentrated  near  the  tube  wall  in 
the  radial  direction  in  order  to  resolve  the  gas  phase  boundary  layer.  The  gun  tube 
configuration,  gas  and  solid  phase  properties,  and  initial  conditions  for  the  calcu¬ 
lation  are  given  in  Table  I. 

Table  I.  Two-Phase  Lagrange  Gun  Paremeters  (Case  A) 


Bore  Diameter 
Combustion  Chamber  Length 
Total  Bore  Length 
Projectile  Mass 
Gas  Molar  Mass 
Co volume 

Ratio  of  Gas  Specific  Heats 
Solid  Particle  Diameter 
Particle  Density 
Initial  Gas  Pressure 
Initial  Gas  Temperature 

Initial  Void  Fraction;  Om  ~  Z  1  0.169m 

0.169m  <  Z  <  0.175m 


20inm 

0.175m 

1.290m 

0.120kg 

23.8g/mole^  ^ 

1.08  •  lO""  m  /kg 
1.271 
0.1mm 

1500  kg/m^ 

300  •  106  Pa 
3000  K 
0.94 
1.0 


A  one-phase  flow  Lagrange  gun  simulation  was  computed  with  nearly  the  same 
computational  mesh  (19  x  49)  for  comparison  with  the  two-phase  calculation.  The 
additional  grid  points  in  the  axial  direction  were  used  in  the  two-phase  calculation 
because  of  the  large  void  fraction  gradient  occurring  near  the  projectile  base. 

The  one-phase  simulation  has  the  same  parameters  as  Table  I  except,  of  course,  that 
the  void  fraction  is  unity  throughout.  As  previously  reported  by  Schmitt,  et  al^, 
the  one-phase  Lagrange  gun  results  compare  favorably  with  both  a  one-dimensional 
analytic  isentropic  solution^'^  which  is  valid  for  early  times  in  the  cycle,  and  the 
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numerical  calculation  of  Reiser  and  Hensel^^,  A  one-phase  calculation  run  with  the 
present  computer  code  was  compared  to  an  identical  calculation  run  with  the  code 
utilized  by  Ref.  8  in  order  to  verify  the  present  one-phase  results*  These  results 
give  confidence  that  the  numerical  procedure  is  capable  of  capturing  the  pressure 
waves  propagating  in  the  gun  tube,  as  long  as  the  spatial  and  temporal  resolution 
remain  adequate* 

The  two-phase  calculation  was  started  with  a  time  step  of  2*0ijs,  and  the  time 

step  was  permitted  to  increase  to  maintain  a  predetermined  maximum  change  in  the 

solution  over  each  time  step*  The  maximum  time  step  reached  in  this  case  was  about 

4*3ys*  The  one-phase  calculation  was  run  with  a  constant  time  step  of  5*0ys,  so 
that  temporal  accuracy  in  the  two  cases  should  be  comparable*  The  calculations  were 
both  terminated  at  muzzle  exit  time*  The  results  are  compared  shortly  before  muzzle 
exit  time  with  the  projectile  speed,  position,  and  problem  time  of  580  m/s,  l*267m, 
and  2*550  ms,  respectively,  for  the  one-phase  simulation;  and  557  m/s,  1*268  m,  and 
2.635  ms,  respectively,  for  the  two-phase  simulation* 

The  comparison  of  the  boundary  layer  development  in  the  one-phase  and  two-phase 
cases  shows  some  interesting  results*  The  boundary  layer  axial  velocity  profiles 
are  shown  in  Fig.  1,  for  a  representative  axial  position,  from  which  it  is  seen  that 
the  gas  velocities  are  smaller  in  the  two-phase  case  than  in  the  one-phase  case, 
reflecting  the  energy  expended  to  accelerate  the  solid  particles*  The  solid  phase 
lags  behind  the  gas  in  the  core  flow  as  expected;  the  particle  velocity  decreases 
very  little  near  the  wall  because  of  the  relatively  large  particle  size  and  the 
assumption  of  no  particle  momentum  loss  at  the  wall*  The  character  of  the  tube  wall 
boundary-layer  is  noticeably  different  in  the  one-  and  two-phase  cases,  as  seen  in 
Fig.  1.  The  axial  distribution  of  boundary  layer  displacement  thickness  (Fig,  2) 
gives  another  indication  of  the  influence  of  solid  particles  on  the  wall  boundary 
layer*  Here,  the  displacement  thickness  (6*)  is  defined  for  the  gas  phase  as 


S‘(2,t)=  /  [ 

•'o 


p{r,z,\)  w(r,  z,  t) 
Pc^  z,t)  Wj.(z,  t ) 


(1) 


where  the  subscript  c  denotes  the  centerline  value,  w  is  the  axial  gas  velocity,  p 
is  the  gas  density,  and  R  is  the  tube  radius*  It  can  be  seen  that  the  displacement 
thickness  is  larger  in  the  two-phase  case  for  most  of  the  distance  from  the  projec¬ 
tile  to  the  breech.  Furthermore,  the  wall  shear  stress  is  larger  in  the  two-phase 
case  (Fig.  1)*  If  the  thermal  boundary  layer  for  a  flow  with  wall  heat  transfer 
exhibits  similar  behavior,  an  increase  in  wall  heat  flux  would  be  expected  due  to 
the  presence  of  solid  particles  of  the  present  size.  Since  the  particle  size  is 
comparable  to  the  gas  boundary  layer  thickness,  the  interphase  correlations  must  be 
examined  to  include  near-wall  effects  and  a  particle-wall  interaction  model  should 
be  developed  to  account  for  particle  momentum  transfer  to  the  wall. 

In  order  to  further  assess  the  importance  of  near  wall  interaction  phenomena 
two  additional  cases  were  calculated  using  5ym  diameter  spherical  particles.  Part¬ 
icles  of  this  size  are  expected  to  follow  more  closely  the  gas  motion,  and  thus  the 
influence  of  the  particle  velocity  boundary  conditions  along  the  tube  wall  may  be 
studied  easily*  These  calculations  were  initiated  with  a  completely  uniform  part¬ 
icle  distribution  (void  fraction  0*94)  and  no  gas  zone  adjacent  to  the  projectile 
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base,  and  with  the  other  conditions  as  specified  in  Table  I.  The  first  case  (Case 
B)  was  computed  using  the  condition  of  no  solid  phase  momentum  loss  at  the  tube  wall, 
which  is  approximated  by  a  zero  normal  derivative  of  the  solid  phase  tangential 
velocity  component  as  in  Case  A.  The  second  case  (Case  C)  was  computed  using  a  no¬ 
slip  condition  on  the  solid  phase  tangential  velocity  component.  In  both  cases  the 
particles  at  the  projectile  base  were  assumed  to  move  at  the  projectile  speed,  and 
all  other  boundary  conditions  were  the  same  as  those  for  Case  A.  These  two  cases 
represent  the  extreme  limits  of  the  actual  physical  behavior  which  is  expected  as  a 
result  of  particle-wall  and  particle-gas  interaction. 

The  boundary  layer  axial  velocity  profiles  and  the  axial  distribution  of  boun¬ 
dary  layer  displacement  thickness  for  Cases  B  and  C  are  compared  in  Figs.  3  and  4, 
respectively.  The  large  difference  between  the  results  for  Cases  B  and  C  indicates 
the  significant  influence  of  the  wall  boundary  condition,  and  demonstrates  a  need 
for  experimental  information  concerning  the  particle-wall  interaction  for  particle 
sizes  and  flow  conditions  of  interest  in  interior  ballistic  problems. 

CONCLUSIONS 

The  present  two-phase,  averaged  Navier-Stokes  analysis  has  been  applied  to  the 
two-phase  flow  in  a  Lagrange  gun.  A  consistently  split,  linearized,  block  implicit 
numerical  procedure  has  been  employed  to  solve  the  governing  partial  differential 
equations.  This  initial  two-phase  flow  application  has  been  restricted  to  laminar 
flow  and  adiabatic  wall  conditions;  however,  the  ability  of  the  computer  code  to 
solve  the  governing  equations  has  been  demonstrated. 

It  has  been  noted  that  the  interphase  correlations  must  be  examined  to  include 
near  wall  effects,  and  the  influence  of  particle-wall  interaction  must  be  determined. 
These  areas  will  require  more  detailed  experimental  measurements  than  are  presently 
available,  and  to  this  end  benchmark  experiments  in  a  simulated  ballistic  environ¬ 
ment  have  been  designed  by  BRL  personnel  and  J.  Whitelaw  of  Imperial  College.  The 
resulting  data  will  be  used  in  future  modeling  efforts  for  both  improvement  of  the 
interphase  correlations  and  verification  of  turbulence  models  for  two-phase  flows 
in  gun  tubes . 


REFERENCES 

1.  Gough,  P.S.  and  Zwarts,  F.J.,  "Modeling  Heterogeneous  Two-Phase  Reacting  Flow," 
AIAA  Journal,  Vol,  17,  No.  1,  1979,  pp.  17-25. 

2.  Kuo,  K.K.,  Koo,  J.H.,  Davis,  T.R.,  and  Coates,  G.E.,  "Transient  Combustion  in 
Mobile  Gas-Permeable  Propellants,"  Acta  Astronautica,  Vol.  3,  1976,  pp.  573-591. 

3.  Fisher,  E.B.,  Graves,  K.W. ,  and  Trippe,  A.P.,  "Application  of  a  Flame  Spread 
Model  to  Design  Problems  in  the  155  mm  Propelling  Charge,"  12th  JANNAF  Combus¬ 
tion  Meeting,  CPIA  Pub.  273,  Vol.  I,  December  1975,  pp,  199-219. 

4.  Krier,  H.  and  Gokhale,  S.S.,  "Modeling  of  Convective  Mode  Combustion  Through 
Granulated  Propellant  to  Predict  Detonation  Transition,"  AIAA  Journal,  Vol.  16, 
No.  2,  1978,  pp.  177-183. 


III-197 


5.  Gough,  P.S.,  "A  Two-Dimensional  Model  of  the  Interior  Ballistics  of  Bagged 
Artillery  Charges,"  PGA-TR-81-1,  1981,  Paul  Gough  Associates,  Inc., 

Portsmouth,  NH. 

6.  Gibeling,  H.J.  and  McDonald,  H.,  "Development  of  a  Two-Dimensional  Implicit 
Interior  Ballistics  Code,"  ARBRL-CR-00451,  March  1981,  US  Army  ARRADCOM/Ballis- 
tic  Research  Laboratory,  Aberdeen  Proving  Ground,  MD. 

7.  Gibeling,  H.J.  and  McDonald,  H.,  "An  Implicit  Numerical  Analysis  for  Two-Dimen¬ 
sional  Turbulent  Interior  Ballistic  Flows,"  Final  Report,  Contract  DAAK11-79-C- 
0098,  US  Army  ARRADCOM/Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground, 
MD,  September  1982. 

8.  Schmitt,  J.A. ,  Banks,  N.E.,  Zoltani,  C.K.,  Gibeling,  H.J.,  and  Mann,  T.L.,  "Two- 
Phase  Viscous  Flow  Modeling  of  Interior  Ballistics,  Algorithm  and  Numerical 
Predictions  for  an  Idealized  Lagrange  Gun,"  Proceedings  of  the  ASME  Symposium 
on  Computers  in  Flow  Predictions  and  Fluid  Dynamic  Experiments,  Edited  by 

K.N.  Ghia,  T.J.  Mueller,  and  B.R.  Patel,  1981,  pp.  181-190. 

9.  Gough,  P.S.,  "Derivation  of  Balance  Equations  for  Heterogeneous  Two-Phase  Flow 
by  Formal  Averaging,"  ARO  Workshop  on  Multiphase  Flows,  Ballistic  Research 
Laboratory,  February  1978,  pp.  71-80. 

10.  Gough,  P.S.,  "The  Flow  of  a  Compressible  Gas  Through  an  Aggregate  of  Mobile, 
Reacting  Particles,"  Ph.D.  Thesis,  Department  of  Mechanical  Engineering, 

McGill  University,  Montreal,  1974. 

11.  Ishii,  M. ,  "Thermo-Fluid  Dynamic  Theory  of  Two-Phase  Flow,"  Eyrolles,  Paris, 
1975. 

12.  Briley,  W.R.  and  McDonald,  H. ,  "Solution  of  the  Multidimensional  Compressible 
Navier-Stokes  Equations  by  a  Generalized  Implicit  Method,"  Journal  of  Computa¬ 
tional  Physics,  Vol.  24,  No.  4,  1977,  pp.  372-397. 

13.  Briley,  W.R.  and  McDonald,  H. ,  "On  the  Structure  and  Use  of  Linearized  Block 
Implicit  Schemes,"  Journal  of  Computational  Physics ,  Vol.  34,  No.  1,  1980, 
pp.  54-73. 

14.  Love,  E.H.,  and  Pidduck,  F.B.,  "Lagrange's  Ballistic  Prob lem , "  Phil .  Trans . 

Roy.  Soc.,  Vol.  222,  1921-22,  pp.  167-226. 

15.  Heiser,  R.  and  Hensel,  D.,  "Berechnung  der  Gasstrbmung  in  einen  Waffenrohr  mit 
Hilfe  des  Zweidimensionalen  AMI-Modells,"  El/81,  January  1981,  Ernst-Mach- 
Institut,  Abteilung  Fiir  Ballistik,  Weil  am  Rhein,  West  Germany. 


III-198 


Distance  from  wall  (mm) 


gas,  one-phase  calculation,  t  -  2.550  ms 
gas,  two-phase  calculation,  t  =  2.635  ms 
particle,  two-phase  calculation,  t  =  2.635  ms 


Fig.  1  -  Comparison  of  one  and  two  phase  tube  wall  boundary 

layer  profiles  near  muzzle  exit  time  at  z  =  0.634  m; 
100  ym  diameter  particles  (case  A);  projectile 
position,  1.27  m. 
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Displacement  thickness  (mm) 


# 


one-phase  calculation,  t  =  2,550  ms 
two-phase  calculation,  t  =  2,635  ms 


Distance  from  breech  (m) 

Fig,  2  -  Comparison  of  boundary  layer  displacement  thickness  for  one 
and  two  phase  calculations  near  muzzle  exit  time;  100  ym 
diameter  particles  (case  A);  projectile  position,  1,27  m. 


III-200 


Distance  from  wall  (nun) 


gas,  case  B,  t  =  0,717  ms 
particle,  case  B,  t  =  0.717  ms 
gas,  case  C,  t  =  0.719  ms 
particle,  case  C,  t  =  0.719  ms 


Fig.  3  -  Comparison  of  tube  wall  boundary  layer  profiles  for 
two  phase  calculations  with  full  slip  particle  wall 
velocity  (case  B)  and  no— slip  particle  wall  velocity 
(case  C)  at  z  =  0.28  m;  5ym  diameter  particles; 
projectile  position,  0.33  m. 


III-201 


Displacement  thickness  (mm) 


case  B,  t  =  0.717  ms 
case  C,  t  =  0.719  ms 


Distance  from  breech  (m) 

Fig.  4  -  Comparison  of  boundary  layer  displacement  thickness  for  two  phase 
calculations  with  full  slip  particle  wall  velocity  (case  B)  and 
no-slip  particle  wall  velocity  (case  C);  5  ym  diameter  particles; 
projectile  position,  0.33  m. 
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MODELED  HEATING  AND  SURFACE  EROSION  COMPARING  FDBILE  (GAS  BORNE) 

AND  STATIONARY  (SURFACE  COATING)  INERT  PARTICLE  ADDITIVES* 

A.  C.  Buckingham  and  W,  J.  Slekhaus 
University  of  California,  Latrrence  Livermore  National  Laboratory 

Livermore,  California  94550 

ABSTRACT 

The  unsteady,  non-slmllar,  chemically  reactive,  turbulent  boundary  layer 
equations  are  modified  for  gas  plus  dispersed  solid  particle  mixtures,  for  gas 
phase  turbulent  combustion  reactions  and  for  heterogeneous  gas-solid  surface  ero¬ 
sive  reactions*  The  exterior  (ballistic  core)  edge  boundary  conditions  for  the 
solutions  are  modified  to  Include  dispersed  particle  Influences  on  core  propellant 
combustion-generated  turbulence  levels,  conbustion  reactants  and  products,  and 
reaction-induced,  non-lsentroplc  mixture  states.  The  wall  surface  (In  this  study 
it  is  always  steel)  is  considered  either  bare  or  coated  with  a  fixed  particle 
coating  which  is  conceptually  non-reactlve,  Insulatlve,  and  non-ablative.  Two 
families  of  solutions  are  compared.  These  correspond  to;  (1)  consideration  of 
gas-bome,  free-sllp,  almost  spontaneously  mobile  (motile)  solid  particle  additives 
which  Influence  the  turbulent  heat  transfer  at  the  uncoated  steel  surface  and.  In 
contrast,  (2)  consideration  of  particle- free,  gas  phase  turbulent  heat  transfer  to 
the  Insulated  surface  coated  by  stationary  particles.  Significant  differences  in 
erosive  heat  transfer  are  found  In  comparing  the  two  families  of  solutions  over  a 
substantial  range  of  interior  ballistic  flow  conditions.  The  most  effective 
Influences  on  reducing  erosive  heat  transfer  appear  to  favor  mobile,  gas-bome 
particle  additives. 


INTRODUCTION 

In  a  recent  publication^  we  summarized  the  findings  of  our  research  over 
the  last  four  years  on  fundamental  mechanisms  of  erosion.  One  of  the  questions 
emphasized  in  our  studies  of  erosive  environments  is  the  Identification  and  evalu¬ 
ation  of  the  Influence  of  erosion  reducing  additives.  We  want  to  understand  If 
they  work,  how  they  work  and  how  effective  they  are.  Many  of  the  questions  about 
the  use  of  additives  for  erosion  reduction  such  as  their  active  or  catalytic 
influence  on  gas  phase  reactions  or  their  Influence  on  the  gas— to-solid  surface 
reactions  with  thermal  radiation  remain.  These  questions  form  a  major  part  of  our 
present  or  future  experimental  and  theoretical  investigations.  Here,  however,  it 
is  useful  to  apply  some  theoretical  tests  to  the  Issue  of  whether  Inert  solid 
particle  additives  are  more  effective  if  Introduced  as  gas-bome  and  free  to  dis¬ 
perse  or  if  fixed  to  the  wall  as  an  Insulatlve  coating. 


*Work  performed  under  the  auspices  of  the  U.S.  Dept*  of  Energy  by  Lawrence  Liver¬ 
more  Natl,  Lab,  under  contract  #W-7405- Eng-48  and  supported  by  the  Dept,  of  the 
Army,  U.S.  Army  Research  Office,  Research  Triangle  Park,  NO  and  ARRADCOM,  LCWSL, 
Dover,  NJ,  under  contract  j?15812-MS. 
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Either  introducing  additives  as  a  freely  dispersed  phase  or  applying  them  as 
a  semi-stationary  liner  or  coating  at  the  metal  surface  appear  to  be  effective  in 
reducing  erosion.  Experiments  and  firing  tests  seem  to  support  the  view  that  at 
least  some  types  of  additives  significantly  reduce  erosion  and  extend  the  useful 
life  of  the  working  container  surface  (whether  it  is  a  cylindrical  barrel  or  a 
contoured  convergent  divergent  rocket  propellant  nozzle).  However  quantitative 
consistency  and  definitive  information  on  the  sensitivity  of  the  additive  influ¬ 
ence  with  respect  to  size,  material  composition  and  state,  concentration,  place¬ 
ment  and  the  manner  in  which  the  additives  are  introduced  seem  to  be  lacking.  A 
goal  of  our  current  and  on-going  investigations  is  to  shed  some  light  on  these 
questions  and  to  provide  some  quantitative  results  in  evaluating  their  influence 
on  solid  propellant  combustion,  flow,  and  erosion  processes. 

In-situ  firing  tests  and  laboratory  based  combustion  generated  erosion  simu¬ 
lators  provide  the  majority  of  the  data  available  for  erosion  analysis.  However, 
unfolding  the  influence  of  any  single  mechanism  and,  indeed,  even  the  evaluation 
and  analysis  of  the  data  for  consistency  and  trends  is  difficult,  if  not  impos¬ 
sible.  Some  simplification  of  the  experimental  configuration  and  implementation 
of  prescribed,  specific  controls  on  the  experimental  conditions  and  process  evolu¬ 
tion  throughout  its  test  duration  is  needed.  Appreciation  of  some  of  the  inter¬ 
pretation  difficulties  may  be  derived  from  reading  descriptions  of  the  substantial 
recent  efforts  of  Army  scientists. These  efforts  aim  at  evaluating  the  heat 
transfer  to  gun  tubes  and  attempting  to  interrelate  the  different  conditions  based 
on  (integrated  over  time)  heat  load  or  heat  input.  Direct  effects  of  material 
micro-structural  response  and  resultant  characterization  are  intangibly  lost, 
since  the  integral  of  the  heat  flux  is  a  non-unique  characterization  of  the  heat 
transfer  environment.  Addition  of  a  change  in  test  conf iguration^ only  adds 
to  the  difficulty  of  relating  the  heat  transfer  information  to  erosion  to  any  real 
system,  in  the  absence  of  information  on  all  scale  factors  (including  time)  which 
may  control  the  evolution  of  the  process. 

It  is  apparently  difficult  to  unfold  the  sensitivity  of  the  unsteady  influ¬ 
ences,  and  account  for  configuration  effects  and  scale  effects  even  in  a  system¬ 
atic  data  scatter  and  error  analysis.^  Evaluating  more  subtle  influences  such 
as  one  anticipates  with  additives  as  to  their  size,  composition,  and  concentration 
influences  is,  we  judge,  even  more  difficult. 

In  view  of  this  we  adopt  a  different  approach.  We  attempt  to  decompose  the 
more  complicated  physical  system  into  a  set  of  simpler,  more  controllable,  experi¬ 
ments.  We  further  develop  our  investigations  by  devising  and  conducting  both  the 
experimental  and  theoretical  investigations  coincidentally  and  in  parallel. ^ 

In  our  view  it  is  encouraging  to  observe  the  development  of  similar  joint  theoret¬ 
ical  and  experimental  efforts  through  Army  collaboration  with  West  German  scien¬ 
tists  over  the  past  two  years. These  efforts  together  with  the  basic  shock 
tube  research  in  Great  Britain  on  reduction  of  turbulent  wall  heat  transfer  in 
particle  laden  flows  represent  a  potentially  major  new  source  of  appropriately 
controlled  fundamental  and  useful  information  on  the  mass  laden  turbulent  erosive 
heat  transfer  process. 

The  questions  that  appear,  theoretical  considerations  and  experimental  obser¬ 
vations  necessitate  forming  a  global  view  (from  wall  to  wall)  of  the  combustion 
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chamber*  We  analyze  the  combustion  process  from  its  instigation  until  a  substan¬ 
tial  portion  of  the  combustion  generated  impulse  wave  has  decayed  (usually  an 
e-fold  decay,  relative  to  the  maximum  pressure  pulse).  Necessarily,  however, 
systematic  study  of  the  erosion  process  requires  that  our  final  attention  must  be 
placed  on  a  very  much  smaller  portion  of  the  global  flow  field.  This  is  the  wall 
boundary  layer  region  consisting  of  the  steepest  flux  gradients  and  the  correspon¬ 
ding  maximum  erosion  activity. 1^,14, 15 

PROCEDURE  AND  DISCUSSION 

In  the  interest  of  spatial  compactness  in  this  article  we  will  avoid  exten¬ 
sive  mathematical  development  and  limit  our  illustrations  to  a  minimum  of  figures 
necessary  to  support  the  discussion.  We  will  cite,  wherever  necessary,  the  several 
open  literature  references  in  which  more  of  the  detail,  omitted  here,  is  available. 

Perhaps  the  two  most  revealing  factors  pertinent  to  the  stage  of  our  investi¬ 
gation  discussed  here  are  first,  the  presence  of  a  continuous  distribution  of  tur¬ 
bulence  energy  (from  combustion  generated  free  core  turbulence  to  wall  generated 
boundary  layer  turbulence)  and  second,  the  existence  of  a  threshold  of  inert  part¬ 
icle  size  (about  1  micron)  below  which  particles  act  to  reduce  erosion  and  above 
which  particles  act,  in  general,  to  enhance  it. 

In  our  study  we  preserve  the  continuity  of  turbulence  from  core  to  wall 
throughout  the  chamber  by  using  two  overlapping  (asymptotically  matched)  solution 
procedures.  One  is  a  generally  three-dimensional  Navier-Stokes  plus  Lagrangian 
particle  field  solution  procedure. This  extends,  conceptually  from  the 
bounding  chamber  (or  tube)  walls  throughout  the  combustion  core  in  the  mixed  phase 
flow  field  region  which  grows  between  the  relatively  slowly  expanding  propellant 
bed  and  the  more  rapidly  moving  projectile  it  accelerates.  The  second  solution 
procedure  magnifies  the  all-important  boundary  layer  region  for  further  detailed 
study.  It  is  computationally  efficient  to  match  the  unsteady,  chemically  reactive 
multi-component  turbulent  boundary  layer  solutions  at  selected  small  intervals  of 
time  to  the  core  solutions.  The  chosen  intervals  are  those  which  we  judge  to  be 
critical  phases  in  the  combustion  flow  evolution,  boundary  layer  structure  evolu¬ 
tion  and  corresponding  changes  to  heat,  mass  and  momentum  (wall  shear  stress) 
transport .13,14,15 

Figure  1  illustrates  the  experimentally  observed  continuous  distribution  of 
turbulence  intensity  which  extends  from  a  combustion  generated  mixing  region  (in 
this  case  a  combustion  mixing  free  shear  layer  emanating  from  the  splitter  plate 
dividing  a  two  channel  rectangular  combustion  tube)  to  the  chamber  walls.  The 
turbulence  intensity  is  defined  as  the  localized  (space  and  time  resolved)  root 
mean  square  of  the  statistical  velocity  fluctuations  ratioed  to  the  local  mean 
flow  velocity.  The  distribution  of  values  in  mean  flow  velocity  are  shown  in  the 
upper  frames  at  several  designated  streamwise  locations,  measured  downstream  of 
the  splitter  plate  trailing  edge.  The  lower  frames  illustrate  values  of  the  tur¬ 
bulence  intensity  measured  with  non-intrusive  laser  Doppler  anemometer  (LDA)  tech¬ 
niques  in  our  University  of  California,  Berkeley  combustion  test  facility. 

The  two  channel  rectangular  combustion  tube  facility  is  a  propane  combustion  flow 
tube  with  provision  for  a  variation  in  flow  speeds  from  about  10  to  20  m/s,  for 
variation  of  air-fuel  mixture  ratios  at  the  splitter  plate,  and  for  introduction 
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Fig.  1  LDA  traces  of  mean  two  channel  velocity  profiles  (above)  and 
turbulent  intensities  (below)  at  listed  stations. 

of  a  range  of  concentrations  of  arbitrarily  sized  inert  solid  particles  in  the 
free  shear  layer.  The  experimental  configuration  is  shown  in  Fig.  2. 

The  basic  ingredients  of  the  particle  field  plus  time  evolving  but  mean  aver¬ 
aged  (with  respect  to  high  frequency  fluctuating  velocity  components)  computational 
model  include  three  interactive  phases.  One  phase  is  an  axially  symmetric  or  plane 
two  dimensional  finite  difference  procedure  for  numerical  integration  of  the  time 
dependent  Reynolds  and  Favre *  averaged  compressible  Navier-Stokes  equations.  This 
also  includes  a  volumetric  node-to-node  averaging  for  particle  plus  gas  mixtures, 
and  provision  for  finite  rate  kinetics  with  up  to  twenty  matrix  reaction  equations. 

The  second  computational  phase  includes  both  two-  and  three-dimensional  time- 
dependent  Lagrangian  center-of-mass  particle  trajectory,  momenta,  and  energy  ex¬ 
pectancy  computations.  The  third  phase  is,  conceptually,  a  statistical  overlap 
between  the  other  two  fields.  This  third  phase  is  basically  a  Monte-Carlo  sto¬ 
chastic  mixing  phase  which  randomly  samples  the  turbulent  velocity  expectancies 
and  applies  these  in  discrete  time  steps  to  the  particle  field  through  a  set  of 
self-consistent,  velocity  fluctuation  dependent,  particle-gas  and  particle- 
particle  force  laws. 

Using  this  procedure  we  compute  turbulent  intensity  distributions  in  the 
rectangular  geometry  and  under  the  experimental  conditions  previously  described 
with  respect  to  Fig.  1.  The  computed,  predicted  distributions,  shown  in  Fig.  3, 
display,  qualitatively,  the  same  continuous  profiles  of  intensity  as  those  shown 
experimentally  for  the  corresponding  combustion  test  case  in  Fig.  1.  Here,  in 
Fig.  3,  we  also  predict  the  influence  of  small  particle  mass  loading,  =  0  (no 
particles)  and  -  0.002  (about  1.3  x  10^  cm“^  of  0.5  micron  Tj|^02  particles). 

The  mass  loading  parameter,  Kj^,  is  defined  as  the  ratio  of  the  mass  of  the  parti¬ 
cles  in  a  unit  volume  to  the  sum  of  the  mass  of  the  gas  and  particles  in  the  same 
volume.  We  see  that  even  for  very  modest  particle  concentrations,  the  level  of 
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listed  stations,  for  the  experimental  flow  conditions  in  Fiq.  1. 
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turbulence  as  measured  by  its  local  turbulence  intensity  is  predicted  to  be  sig¬ 
nificantly  reduced.  This  is  the  potential,  dominant,  inertial  mechanism  for  - 
reduction  of  turbulent  mixing,  transport  and  consequent  reduction  of  erosive  heat, 
mass  and  momentum  transfer.  It  results  from  addition  of  small  (submicron) 
particles  which  relax  almost  instantaneously  to  the  local  mean  gas  field  velocity. 

Next  we  investigate  a  theoretically  magnified  view  of  the  wall  bound^y 
region  and  alterations  to  its  structure  when  even  minute  concentrations,  (7(10  cm  ) , 
of  small  inert  particles  are  entrained.  In  order  to  simulate  boundary  layer  struc¬ 
ture  changes  in  the  presence  of  such  particle  mass  loadings  we  asymptotically 
match  the  turbulent,  finite-rate  reactive,  multi-component  mixed  phase  boundary 
layer  solution  procedure  to  the  previously  described  global  mixture  phase  and 
particle  field  computations.  The  asymptotic  matching  procedure  and  results  of 
parametric  tests  with  boundary  layer  structure  and  altered  flow  conditions  have 
been  developed  and  described  in  previous  articles. Here,  we  summarize. 

Let  K(^,t)  and  e(r,t)  be  the  space  and  time  distributions  of  turbulence 
kinetic  energy  and  turbulence  dissipation  rate,  respectively.  The  transformed 
turbulent  boundary  layer  stream  function  is  represented  by  f,  so  that  the  para  e 
velocity  is  given  by  f  and  its  gradient  with  respect  to  the  normal-to-the-wall 
distance  is  given  by  f",  where  primes  denote  differentiation  with  respect  to  this 
normal  distance.  The  asymptotic  outer  edge  position  for  the  matching  is  then 
designated  with  the  syinbol 

The  conventional  boundary  layer  matching  conditions  for  a  reacting  (8Cj/3t  ¥  0) 
where  Cj  is  a  species  component) ,  non-isentropic  (3s/9t  +  f '  9s/3j<  ¥  0)  mixed 
conditions  are  expressed  as^ 


3C. 
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9t 


+  f 


9s 

9x 


9s 

9t 


K(°°) ,  ,  f "  (“>)  =  0. 


(1) 


For  the  modified  overlap  region  in  our  matching  procedure  they  are  identical 
to  eq.  (1)  except  that  the  vanishing  turbulence  kinetic  energy  and  dissipation  are 
replaced  by  local  minima  constraints, 

K'  (“) ,  e'  (~)  =  0  . 

The  molecular  gas  transport  coefficients  are  computed  locally  in  the  mixture 
boundary  layer  once  the  local  particle  dispersal  and  mass  loading  distribution  is 
determinedr 


iCp(x,  y,  t)  -  IC^(X,  y,  t)  *  1  . 

The  space,  time  distributions  of  viscosity,  conductivity  and  self  diffusion, 
u,  Koi,  Dj  are  then  computed  from  an  elementary  application  of  Enskog 
theory  which  results  in  a  first  approximation  for  the  two  phase  mixture  for  light 
particle  loading  (neglecting  instantaneous  changes  to  intermolecular  cross 
sections  and  collision  frequencies) , 
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(3) 


In  the  foregoing  relations,  superscript  (0)  refers  to  the  locally  computed 
pure  gas  thermal  or  transport  properties  while  Cg  and  Cp  are  the  solid  parti¬ 
cle  heat  capacity  and  gaseous  specific  heat  respectively. 

To  compare  our  gas  borne  additive  effectiveness  with  a  fixed  particle-in- 
binder  coating  layer  as  an  insulative  wall  coating  such  as  examined  by  Russell, 
we  make  the  following  initial  assumptions.  First,  the  coating  of  particle-plus- 
binder  (phenolic  or  glue)  possesses  a  very  low  equivalent  thermal  conductivity 
(say  equal  to  a  graphite  layer)  and  is  uniformly  applied  and  remains  throughout  at 
a  depth  of  5  mm  as  a  coating  around  a  cylindrical  barrel-like  container.  We 
consider  a  streamwise  wall  segment  1  cm  long,  axially.  An  equivalent  number 
density  of  uniformly  distributed  0.5  micron  particles  in  the  central  core  of  a 
15.5  cm  diameter  cylinder  (neglecting  convection  velocity  distribution)  is  found 
to  be  about  6  x  10^®  cm”^.  With  a  conservative  estimate  of  the  convective 
entrainment  (ignoring  boundary  layer  capture  and  particle  concentration  buildup) 
we  estimate  that  a  minimum  of  6  x  10^  cm”^  uniformly  distributed  particles 
populate  the  boundary  layer  wall  region.  Actually,  using  more  detailed  entrain¬ 
ment  and  statistical  average  dispersion  calculations  we  have  estimated  that  the 
boundary  layer  mixture  may  yield  concentrations  of  particles  about  two  orders  of 
magnitude  higher  than  those  used  here  for  our  comparisons.^^ However,  even 
applying  these  seemingly  pessimistic  concentration  estimates  to  our  analysis  we 
predict  the  encouraging  results  shown  in  Fig.  4.  Here  the  open  circles  represent 
a  range  of  (peak)  heat  flux  values  delivered  to  the  bare  surface,  while  the  filled 
circles  and  filled  squares  represent  the  modulated  heat  flux  actually  sensed 
through  (i)  the  fixed  coating  layer  and  (ii)  the  gas-borne  additive  distribution, 
respectively.  Either  of  the  particle  additive  situations:  the  optimistically 
invariant,  non-degrading  liners,  or  the  pessimistically  sparse  gas  borne  particles 
yield  about  the  same  level  of  reduction  in  heat  transfer  flux  delivered  at  the 
wall  surface.  These  heat  flux  data  are  plotted  against  the  Reynolds'  No.,  Rg, 
based  on  the  chamber  diameter,  the  mean  flow  density,  and  mean  velocity  at  the 
peak  of  the  gas  phase  heat  pulse. 

While  direct  measurement  of  the  particle  laden  wall  boundary  layer  shear  and 
heat  transfer  are  not  yet  available  from  our  University  of  California,  Berkeley 
experiments,  the  collaborative  University  of  Southampton  dusty  gas  shock  wave 
driven  turbulent  boundary  layer  measurements  (to  date)^^  have  indicated  convin¬ 
cingly  similar  reductions  in  wall  heating  with  particle  entrainment  (15%-30%) . 

SUMMARY 

It  appears  that  within  the  next  few  years  we  will  have  a  useful  understanding 
about  particle  additives  and  particle  residue  interaction  in  solid  propellant 
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combustion  erosion.  Experimental  verification  and  guidance  is  beginning  to  accum¬ 
ulate.  The  importance  of  this  topic  in  erosion  studies  is  evident  on  reflecting 
that  the  gas  borne  particles  significantly  influence  not  only  the  erosion  but  also 
the  basic  propellant  combustion  process  itself  by  viscous  and  eddy  damping,  cata¬ 
lytic  or  reactive  interaction  with  the  kinetics,  and  scattering  and  absorption  in 
the  closely  related  thermal  radiation  transport  processes.  It  is  also  encouraging 
to  view  the  interest  and  emphasis  placed  on  this  area  of  research  by  our  European 
colleagues  in  active  collaboration  with  the  Army  efforts. 


Fig.  4  Heating  sensed  at  a  steel  surface:  (1)  directly  exposed  (2)  coated 
semi-permanently  with  a  5  mm  particle-plus-binder  layer  and  (3) 
dispersed  gas  borne  inert,  non-reactive  particles. 
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CONSIDERATION  OF  SOME  FUNDAMENTAL  EROSION  PROCESSES  ENCOUNTERED 
IN  HYPERVELOCITY  ELECTROMAGNETIC  PROPULSION* 
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Livermore,  California  94550 

ABSTRACT 

Experimental  and  theoretical  research  has  been  conducted  jointly  at  the 
Livermore  and  Los  Alamos  National  Laboratories  on  dc  electromagnetic  railgun 
Lorentz  accelerators.  Pellets  weighing  a  few  grams  to  tens  of  grams  have  been 
launched  at  velocities  up  to  better  than  11  km/s.  The  research  is  addressed  to 
attaining  repeated  launches  of  samples  at  hyper velocity  in  target  impact  experi¬ 
ments.  In  these  experiments,  shock-induced  pressures  in  the  tens  of  megabars 
range  are  obtained  for  high  pressure  equation-of-state  research.  Primary  energy 
sources  of  the  order  of  several  hundred  kJ  to  a  MJ  and  induction  currents  of  the 
order  of  1  or  more  MA  are  necessary  for  these  launches.  Erosion  and  deformation 
of  the  conductor  rails  and  the  accelerated  sample  material  are  continuing  problems. 
We  are  examining  the  heating,  stress,  and  erosion  resulting  from  simultaneous 
imposition  of  rail  induction  current,  dense  plasma  (armature)  interaction,  current 
distribution,  magnetic  field  stresses  and  projectile/rail  contact  friction.  We 
find  that  while  frictional  heating  and  consequent  sliding  contact  erosion  are 
minor  contributors  to  the  overall  erosion  process,  the  same  cannot  be  said  for 
plasma  impingement,  penetration,  and  almost  simultaneous  induction  current  (Joule) 
heating. 

INTRODUCTION 

The  following  discussion  pertains  to  collaborative  studies  conducted  at 
Lawrence  Livermore  National  Laboratory  (LLNL)  and  the  Los  Alamos  National  Labora¬ 
tory  (LANL) .  While  we  will  refer  to  some  of  the  previous  results  of  our  joint 
efforts  at  higher  velocity,  most  of  the  present  discussion  will  emphasize  recent 
material  and  launch  dynamics  tests  at  LLNL  conducted  with  more  massive  projectiles 
(tens  of  grams)  at  lower  speeds.  This  emphasis  enables  us  to  concentrate  on  the 
materials  issues,  plasma  interaction  and  rail  erosion,  which  are  prominant  in  our 
current  work.  Most  of  the  material  here  is  abstracted  from  current  publications^'^ 
or  from  another,  currently  unpublished,  report  on  recent  results  and  experimental 
interpretations  by  the  second  author.^ 

As  a  foundation  for  this  discussion,  we  condense  some  previous  descriptions 
of  the  railgun  electromagnetic  accelerator,^'^  other  related  electromagnetic 
(EM)  accelerators,  principles  of  operation,  and  distinctions  between  related  EM 
acceleration  devices. 


*Work  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by  Lawrence 
Livermore  National  Laboratory  under  contract  #W-7405-Eng-48 . 

Approved  for  public  release.  Distribution  unlimited. 
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Interest  in  research  and  development  of  electromagnetically  (EM)  driven  pro¬ 
jectile  accelerators  has  increased  dramatically  in  the  past  decade.  This  interest 
results  from  advances  in  energy  storage  and  pulsed  power  technology  combined  with 
the  growing  requirements  for  launch  velocities  in  excess  of  those  obtainable  with 
gas,  powder  and  explosively  driven  launchers.  At  the  LLNL  the  need  is  stimulated 
by  limitations  in  the  speeds  achievable  using  two  stage  light  gas  guns  for  equa¬ 
tion  of  state  impact  experiments. 

The  magnetic  railgun  accelerator  is  essentially  a  linear  dc  motor  consisting 
of  a  pair  of  rigid,  field-producing  conducting  rails  and  a  movable  conducting  arm¬ 
ature.  The  armature  is  accelerated  by  the  Lorentz  force  produced  by  the  current, 
I,  in  the  armature  (which  may  be  a  moving  plasma  layer)  interacting  with  the 
magnetic  field  B  associated  with  the  rail  current  circuit  (Fig.  1).  In  this 
discussion  we  consider  a  plasma  arc  armature  which  impinges  on  and  is  trapped  at 
the  rear  of  the  projectile  it  accelerates. 


source 


Fig.  1  Diagram  of  the  elements  of  a  railgun  accelerator. 

Accelerating  mass  with  a  plasma  arc  has  several  advantages  over  a  sliding 
metallic  armature.  First  the  plasma  easily  maintains  continuous  contact  with  the 
rails.  Of  course,  the  resulting  direct  plasma  material  impingement  and  inter¬ 
action  is  found  to  be  the  primary  source  of  conduction  rail  erosion.  On  the  other 
hand,  a  solid  armature,  necessarily  a  conductor,  is  also  vulnerable  to  current 
heating,  melt,  ablation  and  erosion.  In  addition,  a  sliding  solid  armature  that 
is  not  tightly  constrained  by  the  sidewalls  is  subject  to  sidewall  collisional 
impact  stresses.  If,  on  the  other  hand,  it  is  tightly  constrained  it  may  be  sub¬ 
jected  to  excessive  contact  erosive  drag  forces.  In  addition,  a  solid  armature 
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has  not  been  found  which  can  maintain  electrical  continuity  with  the  rails  at 
velocities  greater  than  about  2  to  3  km/s.  Our  investigations r  then,  center  on 
use  of  plasma  arcs. 


DISCUSSION 

In  previous  descriptions  of  the  erosion  and  material  loss  processes,  we  have 
studied  the  individual  problems  contributing  to  in-launcher  rail/projectile  ero¬ 
sion  and  failure^  and  post-launch  hypervelocity  atmospheric  projectile  degenera¬ 
tion.^  We  studied  friction,  stress,  and  thermally  generated  erosion  processes 
by  themselves,  in  the  absence  of  the  plasma  interaction.  However,  our  results 
have  shown  that  the  other  factors  exert  minimal  influence  during  the  launch  cycle 
on  the  overall  erosion  process  except  as  possible  coincident  contributors  with  the 
plasma  impingement  and  interaction  mechanisms.  Plasma  impingement  and  distribu¬ 
tion  factors  dominate  among  the  material  heating  and  erosive  loss  processes, 
particularly  at  the  start  of  the  projectile  acceleration  when  an  almost  stagnant, 
thick,  non-uniform  plasma  acts  on  the  rails. 

In  effect  the  conducting  launcher  rails  and  projectile  are  severely  tested  by 
at  least  four  interactive  phases  leading  to  material  loss  and  potential  system 
failure,  or  at  least  denial  of  re-use  capability.  These  are: 

1)  contact  erosion  and  ablation  at  the  highly  sheared  interface  between 
projectile  and  conducting  rails; 

2)  exposure  to  radiating  hot  dense  plasma  heating  and  rail  surface 
impingement  and  penetration,  elevating  and  altering  the  projectile/rail 
surface  state  and  phase; 

3)  induction  current  (Joule)  heating  and  non-uniform  current  flow; 

4)  stresses  associated  with  the  plasma  pressures  on  projectile,  rail  and 
dielectric  and  substantial  magnetic  field  stresses  associated  with  the 
high  induction  currents  that  are  set  up. 

Figure  2  schematically  illustrates  this  combination  of  influences  on  the 
launch  process. 

Experimentally  determined  factors  relating  to  plasma  arc  behavior^  have 
provided  the  information  and  incentive  for  conducting  our  current  line  of  investi¬ 
gation.  Contemporary  railgun  plasma  arc  behavior  is  important  in  two  ways;  (1) 
energy  loss  from  the  system  and  (2)  erosion  damage  to  the  launcher. 

Our  LANL  and  LLNL  experiments  cover  a  purposely  broad  range  of  launch  condi¬ 
tions.  The  projectile  masses,  which  ranged  from  1  to  47  g,  were  accelerated  by 
square  and  round  bore  launchers  ranging  from  9.5  to  50  mm  diameter  or  bore  measure. 
Launch  velocities  studied  were  on  the  order  of  tens  to  hundreds  of  km/s  for  the 
larger  masses  while  we  have  achieved  in  excess  of  11  km/s  for  the  smaller  masses. 
The  launchers  were  powered  by  both  a  capacitor  bank  and  magnetic  flux  compression 
generator  (MFCG)  with  dc  currents  in  the  range  of  0.3  to  2  MA. 
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Plasma  armature 


Fig.  2  Combined  influences  of  current  diffusion,  non-uniform  plasma  inter¬ 
action  and  projectile-wall  friction  on  rail  erosion. 

The  power  source  at  the  LANL  launch  site  uses  the  MFCG  with  a  25  kV,  3  mf 
capacitor  bank  to  provide  the  initial  current.  The  MFCG  system,  as  a  whole, 
typically  supplies  average  currents  ranging  from  0.5  to  1  MA  and  peak  currents  of 
1-2  MA  with  pulse  lengths  of  about  500  ]is. 

The  capacitor  bank  used  at  LLNL  for  the  majority  of  the  erosion  studies 
reported  here  consists  of  24  capacitors  with  a  total  capacitance  of  30  mf  and 
stores  375  kJ  at  5  kV.  The  maximum  peak  current  input  to  a  railgun  was  1  MA  with 
a  quarter  cycle  rise  time  of  100  ps  and  a  half  cycle  of  about  300  ys. 

Theoretically  we  are  modifying  the  one-dimensional  thin,  uniform  plasma  heat¬ 
ing  and  impingement  calculations  of  More®  to  include  thick  spatial  non— uniformity 
implied  by  the  rail  erosion  patterns  outlined  in  Fig.  3.  This  is  a  typical  ero¬ 
sion  pattern  representing  a  composite  of  the  many  test  cases  for  which  photographic 
traces  were  prepared.  These  photographic  data  will  be  presented  at  the  conference 
for  which  the  present  discussion  is  prepared.  Space  requirements  do  not  permit 
their  publication  together  with  this  discussion.  The  first  calculations  on  the 
plasma  interaction  are  made  with  a  two  dimensional,  steady,  stagnating,  plasma  at 
the  start  of  launch.  Unsteady  plasma  effects  will  be  combined  with  accelerating 
motion  and  the  viscous-shearing  projectile-wall  friction  influences  using  the 
model  previously  developed. 

In  More's  one  dimensional  calculations,  the  temperature  rise  and  resistance 
of  the  rails  are  computed  simultaneously.  First,  the  current  density,  j,  in  the 
rails  is  given  by. 


where  H  is  the  magnetic  field  and  y  is  the  dimension  normal  to  the  rail  surface. 
The  diffusion  of  H  into  the  conductor  is  given  by 
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while,  simultaneously,  heating  due  to  thermal  and  field  penetration  takes  place 
according  to. 
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where  Pq  is  the  permeability,  ti  is  the  resistivity,  is  the  specific  heat,  k  is 
the  thermal  conductivity  and  p  the  nominal  mass  density  of  the  rails,  assumed 
constant  in  these  calculations.  Both  conductivity,  k,  and  resistivity  n  are 
generally  nonlinearly  coupled  through  temperature  dependence.  While  More's  cal¬ 
culations  assumed  constant  conductivity,  the  more  general  temperature  variation  is 
assumed  with  no  additional  difficulty.  The  functional  form  is. 
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where  <|)  represents  k  or  ri,  the  subscript  zero  denotes  the  assumed  initial  value, 
and  the  coefficient  (\,r]  is  the  respective,  corresponding  temperature  coefficient. 
The  non-linearity  and  coupling  of  eqs.  (2)  through  (4)  suggested  the  implicit 
finite  difference  solution  procedure,  that  was  applied.  Results  included  tempera¬ 
ture  profiles  and  resistance  as  functions  of  time,  rail  dimensions,  and  current. 

From  these  previous  results  for  the  one-dimensional  model  we  see  that  the 
maximum  temperature  rise  occurs  on  the  surface  of  the  rails.  This  is  shown  in 
Fig.  4,  as  a  function  of  current  concentration. 

For  these  estimates  we  need  to  know  rail  resistivity,  specific  heat  and  ther¬ 
mal  conductivity.  All  are  functions  of  temperature  and  are  reasonably  well 
defined  (at  least  when  neglect  of  dense  plasma  interaction  is  possible)  for  stan¬ 
dard  conductors  such  as  Cu  and  Al.  However,  fundamental  property  and  property 
change  investigations  are  necessary  on  other  materials  and  composites  such  as 
refractory  metal  coatings  or  inserts  which  could  be  used  in  fabricating  erosion- 
resistant  rails.  Two  initial  temperatures,  Tq,  are  used  in  this  illustration. 

The  lower  one  refers  to  a  condition  attained,  perhaps  by  cryogenic  cooling.  Rail 
heat  dissipation  during  the  cooling  cycle  remains  another  research  issue. 

We  briefly  summarize  the  results  of  current  experiments  which  are  guiding  our 
development  of  a  theoretical  model  for  the  interactive  erosion  process.  Five 
different  materials  were  used  as  rails  under  identical  conditions  at  LLNL.  The 
degree  of  erosive  rail  damage  can  be  ranked  from  worst  to  best  in  the  following 
order:  100%  copper,  70%  tungsten-30%  copper,  98%  tungsten-2%  thorium,  90%  tung- 
sten-6%  copper-2%  nickel-2%  iron,  and  90%  tungsten-10%  silver.  In  all  cases,  even 
the  best,  the  degree  of  erosion  was  greater  than  desired  in  a  multishot  launcher. 
The  rail  erosion  occurred  at  a  current  concentration  far  less  than  the  predicted 
limit  due  to  Joule  heating  (MO  kA/mm) .  Multi-shot  plasma  armature  launchers 
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will  require  even  lower  current  concentrations  in  the  breech  region  and/or  other 
techniques  r  such  as  injection  of  the  projectile  with  a  gas  gun  in  order  to  reduce 
the  time  that  the  plasma  dwells  in  each  region  of  the  rails.  Figure  3  outlines 
the  erosion  patterns  that  resulted  from  these  tests.  Due  to  the  massiveness  of 
the  projectile,  only  5  mm  of  motion  occurred  during  the  current  pulse.  Hence  the 
majority  of  the  eroded  area  experienced  the  total  arc  duration.  The  average 
charge  transfer  density  was  '^^7,5  Coulombs/cm^  (assuming  the  transfer  occurred 
primarily  in  the  "rough”  region). 
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Fig.  3  Rail  erosion  patterns  suggest  plasma  arc  distributions. 
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Fig.  4  Maximum  temperature  rise  occurs  on  surface  of  rails, 
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Assuming  the  "rough"  region  area  represents  the  arc  cross  section,  and  the 
saturated  arc  resistance  is  M).?  mJ2,  the  equivalent  arc  resistivity  is  ^1,4  (10“5)Jin. 

In  the  same  tests  two  dielectric  (rail  separator)  materials  were  tested  for 
their  resistance  to  arc  erosion,  Delrin  and  Polyimide.  The  degree  of  damage  to 
both  materials  was  far  less  than  that  experienced  by  the  rails  and  later  was  found 
to  be  nearly  unchanged.  This  helps  confirm  that  the  erosion  seen  in  the  rails  is 
primarily  a  function  of  plasma  and  current  interaction  in  conducting  materials. 

The  erosion  of  the  back  side  of  the  polycarbonate  projectiles  was  surprisingly 
small.  An  intensified  test  used  one  projectile,  clamped  in  place  for  10  consecu¬ 
tive  arc  discharges.  Approximately  85  mg  of  material,  representing  a  mean  erosion 
depth  of  about  80  JJm  were  lost.  The  peak  current  was  390  kA.  The  charge  trans¬ 
fer  was  estimated  at  450  Coulombs  for  each  of  the  discharges. 

We  also  observed,  from  our  experiments,  that  during  acceleration  of  a  projec¬ 
tile  from  rest  (the  static  start)  we  obtain  maximum  erosion.  The  rail  material 
and  fuse  material  (for  the  arc)  probably  should  be  the  same,  initially.  Al  fuses 
used  with  Cu  rails  result  in  very  high  plasma  augmented  erosion  with  no  counter 
source  for  material  replenishment  or  vapor  phase  ablation  buffering.  Also  we  find 
that  the  projectile  should  be  in  motion  when  the  arc  is  struck  and  electromagnetic 
acceleration  begins.  At  LLNL  tests  with  up  to  200  m/s  preinjection  velocity 
result  in  a  marked  reduction  in  rail  erosion  although  indications  are  that  about 
600  m/s  initial  velocity  will  be  needed  to  eliminate  plasma  augmented  erosion. 

SUMMARY 

This  discussion  placed  emphasis  on  the  following  factors  and  questions  which 
appear  to  dominate  in-launcher  material  erosion.  Study  is  necessary  on; 

1)  Dense  plasma  and  high  current  density  influences  on  changes  in  micro¬ 
structure  and  properties  of  conventional  rail  conductors  such  as  Cu, 

Al,  and  W  alloys  or  composites, 

2)  The  influences  described  in  (1)  on  more  advanced  high  temperature, 
microstrain  resistant,  materials  such  as  amorphous  tungsten, 

3)  Location,  description  and  temporal  evolution  of  current,  magnetic 
field,  and  losses  during  intense  plasma-current  field  interactions  with 
conductors , 

4)  Composite  materials  and  sequentially  sectioned  structures  for  more 
efficient  EM  dc  launcher  configuration, 
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ABSTRACT 

This  paper  outlines  some  of  the  existing  theories  of  gun  barrel  wear,  describes 
their  inadequacy  in  explaining  gun  wear  patterns  in  modern  UK  tank  guns.  It  high¬ 
lights  the  main  features  of  the  research  programme  undertaken  to  obtain  a  better 
understanding  of  the  processes,  particularly  in  respect  to  talc,  impregnated 
combustible  cartridge  cases.  Finally,  a  number  of  additional  wear  mechanisms  are 
proposed. 
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1. 


INTRODUCTION 


Following  the  application  of  talc  impregnated  combustible  cartridge  cases  to  charge 
construction,  barrel  wear  in  tank  and  artillery  guns  has  been  important  but  not 
dominant  factor  affecting  charge  development.  There  has  been  a  concern,  however,  to 
determine  the  limits  to  wear  reduction  by  this  method  and  it  is  necessary  to  under¬ 
stand  why  it  works  in  order  to  do  this.  Oval  barrel  wear  has  also  been  a  notable 
feature  of  recent  APFSDS  ammunition.  It  is  required  to  understand  also  why  this 
occurs. 

For  these  reasons  UK  gun  barrel  work  has  concentrated  upon  the  experimental  and 
theoretical  development  of  wear  mechanisms,  mostly  on  the  fluid  dynamical  aspects  of 
heat  transfer. 

The  aim  of  this  paper  is  to  present  the  evidence  derived  from  the  above  work,  to 
support  the  postulation  of  some  additional  wear  mechanisms.  These,  under  particular 
Q^j^Qumstances ,  become  the  dominant  contributors  to  the  heat  transfer  and  hence  the 
wear  process. 

To  achieve  this  aim,  a  brief  review  of  the  present  theories  are  presented  in  section 
2,  section  3  lists  the  weaknesses  in  present  theories,  section  4  outlines  wear 
reduction  methods  whilst  section  5  describes  the  activities  of  RARDE  and  its  various 
contractors. 

2.  WEAR  MECHANISMS 

It  is  generally  accepted  that  there  are  three  main  causes  of  barrel  wear,  although 
in  our  view  they  are  all  intimately  interrelated.  These  are,  ranked  in  probable 
order  of  importance,  thermal,  mechanical  and  chemical. 

2.1  Thermal  Mechanisms 


A  convenient  starting  point  for  a  discussion  of  thermal  wear  mechanisms  is  the  phase 
diagram  for  steel  which  is  shown  in  figure  (1). 
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FIGURE  1  PHASE  DIAGRAM  FOR  STEEL  (TEMP  vs  CARBON  CONTENT) 


The  carbon  content  for  gun  steels  is  typically  about  1/3%.  The  phase  diagram  shows 
that  there  are  two  or  three  important  temperatures  which  should  be  considered;  at 
about  725® C  there  is  the  first  of  several  solid  state  phase  changes  from  a-iron 
plus  Fe3C  (cementite)  to  a  mixture  of  yiron  and  q-iron  crystalline  states,  above 
about  825® C  to  y-iron,  and  finally  at  1500® C  the  formation  of  mixed  liquid  and  solid 
phases.  There  are  volume  changes  associated  with  the  changes  in  the  crystalline 
state  and  this  is  thought  to  result  in  the  characteristic  "heat  craze  cracking" 
which  is  commonly  observed  in  gun  bores. 

The  rate  of  wear  per  round  observed  in  a  wide  range  of  guns  against  predicted  bore 
surface  maximum  temperature  rise  has  been  plotted  by  Thornhill  (Ref  1).  Here  it  is 
seen,  shown  in  figure  (2),  that  there  are  three  regions  of  interest.  Below  660®C 
there  is  no  wear,  whilst  between  660®C  and  1050®C  wear  takes  place  relatively  slowly. 
Above  1050® C  wear  takes  place  at  an  accelerated  rate.  There  is  apparently  no  corre¬ 
lation  between  the  phase  diagram  and  wear  pattern  so  far  as  the  temperature  at  which 
certain  events  take  place. 
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Fig  2-3  CORKELATION  OF  WEAR  !  HOUND  AND 
MAXIMUM  TEHFERATUFE 


FIGURE  2  CORRELATION  OF  WEAR/ROUND  AND  MAXIMUM  TEMPERATURE 


Visual  examination  of  the  bore  shows  that  it  is  rare  to  observe  the  characteristic 
surface  associated  with  the  mett-wlpe  wear  process,  therefore  attention  has  turned 
to  the  hot  gas  erosion  process. 

Lawton  (Ref  2)  applies  Finnie's  equation  for  hot  gas  erosion  (Ref  3)  to  the  gas  flow 
around  the  shot  assuming  that  it  is  choked  to  derive  a  bore  surface  wear  rate; 

=  K.F(a)  .  g(Y)  ^  Pg  ..  (1) 

a  h1-5 

=  the  rate  of  wear  on  the  bore  diameter,  m/s. 

=  a  constant  depending  on  the  propellant  gases. 


dw 

dt 

where 

dt 

K 
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F(a)  =  a  function  of  the  angle  of  incidence  of  the  gas  upon  the  bore. 

g(Y)  =  a  function  of  the  ratio  of  gas  specific  heats. 

b,a  =  windage  past  shot,  and  erosion  zone  width,  m  (see  figure  3). 


k 


•rosion  xor>« 


FIGURE  3  ASSUMED  EROSION  ZONE  ASSOCIATED  WITH 
GAS  LEAKAGE  PAST  A  ROUND 

Pg  =  gas  pressure,  MPa 
tg  =  gas  temperature,  K 
R  =  Universal  Gas  Constant 
H  =  hardness  of  gun  barrel. 

It  is  pointed  out  that  the  hardness  of  steel  is  a  function  of  temperature  and  this 
is  presented  in  figure  (4)  for  a  0.2%  content  steel  and  pure  iron. 
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H=R*EXPC-T/104D 


FIGURE  4  HRRDNESS  OF  FERRITE  AND  PERRLITE 
IN  R  0.2  X  STEEL  RND  OF  FERRITE 
IN  R  NOMINALLY  PURE  IRON 


In  the  temperature  region  of  interest  to  those  concerned  with  wear,  the  hardness 
varies  as 


H  =  A  .  exp  (-  _X_) 
104 


This  may  be  substituted  into  (1)  to  give 


dw  ^ 
dt 


=  K-  .  I  .  Pg  /RTg  .  exp  (i^) 


(2) 


(3) 


where  K  =  a  lumped  constant 

=  bore  surface  temperature 

Lawton  makes  some  simplifying  assumptions  concerning  the  time  independence  of  some 
of  the  variables  during  the  erosion  process  an  integrates  equation  (3)  to  obtain: 
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w 


—  A«exp  (Tjjax/®) 


(4) 


where  =  maximum  bore  temperature 

and  A,B  =  constants  (B  =  104/1.5  =  69  from  (hot  hardness  data) 

Comparison  of  this  equation  with  Thornhill’s  data  and  with  more  recent  US  data 
measured  by  Ward  et  al  (Ref  4)  shows  that  the  correlation  is  good  with  B  =  68  and  62 
respectively.  This  gives  confidence  that,  in  the  temperature  region  T^^x  800“ C,  hot 
gas  erosion  resulting  from  gas  leakage  past  the  shot  is  a  dominant  wear  mechanism. 
Data  for  the  hot  hardness  of  gun  steels  above  800® C  is  needed  to  confirm  this 
conclusion  for  higher  maximum  bore  temperatures.  Whilst  the  hot  gas  erosion  gives 
an  apparently  satisfactory  temperature  dependence  for  wear,  greater  confidence  in 
the  theory  would  be  achieved  if  the  absolute  wear  (ie  a  knowledge  of  the  value  of  A) 
could  be  predicted  from  physical  parameters.  This  aspect  is  being  studied  further. 

When  the  data  from  Thornhill  (Ref  1)  is  sorted  into  propellant  type  and  replotted, 
an  interesting  result  is  obtained  which  may  be  seen  in  figure  (5). 


iOO  600  800  1000  1200  UOO 


Maximum  Temperature  (*C) 


FIGURE  5  COMPARISON  OF  THE  WEAR  CHARACTERISTICS 
OF  FOUR  PROPELLANTS 
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It  may  be  seen  that  the  value  of  B  is  independent  of  propellant  type,  and  that  the 
greatest  wear  is  observed  with  the  lower  flame  temperature  propellants.  It  should 
be  borne  in  mind  that  the  Thornhill  data  is  based  on  guns  ranging  from  the  0.303 
inch  rifle  to  16  inch  naval  guns.  This  result  would  appear  to  be  contrary  to  this 
empirical  equation  generated  by  lumping  all  the  data  together  which  is  given  below: 


_  900 


(Tf  .  T„) 


‘•max 


/Q 


m 


1.7  +  670  d 

„0.86 


2.22 


(5) 


where  Tf  =  the  adiabatic  flame  temperature  of  the  propellant 


d  =  bore  diameter,  m 
m  =  charge  mass,  kg 

=  muzzle  velocity,  m/s. 

The  results  from  experimental  wear  tests  in  a  30mm  RARDE  gun  seem  to  confirm  that 
this  equation  may  not  be  valid  and  are  presented  later  in  the  paper. 

Equation  (5)  has  a  semi-empirical  basis  upon  heat  transfer  in  a  pipe.  The  usual 
heat  transfer  processes  are  conduction,  convection  and  radiation  from  the  hot 
propellant  gas  to  the  surface,  and  a  few  simple  calculations  shows  that  the  conve- 
tive  one  will  predominate.  Radiative  heat  transfer  is  about  0.5%  of  the  total  heat 
transfer. 

Many  theories  are  based  upon  steady  state  heat  transfer  in  a  pipe  using  the  Nusseltt 
equation  where  the  heat  transfer  coefficient,  h,  is  given  by 


0. 8  p  0. 4 

M  =  0.23  (pH®)  i-P-) 

k  n  k 

where  D  is  the  pipe  diameter,  k,  p,  u,  q,  Cp  are  the  thermal  conductivity,  density, 
free  stream  velocity,  viscosity  and  specific  heat  respectively.  The  heat  transfer 
rate,  Q,  is  then  presumed  to  be  given  by 

Q  =  h  A  (Tf  -  T„) .  (7) 

This  type  of  approach  has  been  adopted  by  Heiney  et  al  in  reference  (5). 


III-228 


The  steady  state  inviscid  gas  flow  approach  is  unsatisfactory  because  it  ignores 
the  presence  of  the  boundary  layer  and  its  effect  on  heat  transfer.  This  has  been 
addressed  by  a  number  of  authors  notably  Shelton  et  al  (Ref  6)  who  solve  the 
continuity  and  conservation  equations  for  the  propellant  gas  generation  and  flow. 
Unfortunately  there  does  not  appear  to  be  a  satisfactory  validation  of  the  model 
against  experimental  data  nor  any  attempt  to  relate  wear  to  heat  transfer.  Neverthe¬ 
less,  this  type  of  approach  has  been  adopted  in  the  UK  by  CHAM  Ltd  under  RARDE 
contract  and  is  reported  in  Section  (3).  The  results  of  the  model  have  been  compared 
with  experiments  carried  out  by  the  University  of  Southampton's  5  inch  Shock  Tube  to 
determine  the  effect  of  wear  additives  such  as  talc  on  the  heat  transfer  rate  behind 
a  shock.  Agreement  between  theory  and  this  experiment  is  now  good  both  for  clean 
and  dusty  gas  conditions.  This  work  has  been  reported  at  references  7  and  8. 

2.2  Chemical  Mechanisms 


There  are  two  main  mechanisms  which  can  be  described  as  chemical  wear.  Recombination 
reactions  between  the  products  of  combustion  can  take  place  preferentially  on  the 
barrel  surface  because  of  a  higher  collisional  probability  due  to  the  adsorption 
process.  If  the  reaction  is  exothermic,  then  the  heat  transfer  to  the  barrel  wall  is 
increased.  The  second  mechanism  arises  from  the  formation  of  compounds  or  different 
crystalline  structures  by  surface  reactions  between  the  propellant  gas  and  steel. 

The  work  of  Squire  (Ref  9)  has  shown  that  the  top  black  surface  layer  is  mainly  zinc 
sulphide  but  there  may  also  be  free  sulphur  diffused  into  the  steel  causing  embrittle¬ 
ment.  Sulphur  and  sulphides  presumably  come  from  the  gunpowder  igniter.  There  are 
two  thin  white  layers  usually  formed  underneath;  the  first  layer  probably  consisting 
of  e-Fe3C,  austenite  and  ct-Fe  which  is  mechanically  weak,  whilst  the  second  white 
layer  contains  austenite  and  free  carbon.  The  white  layers  have  the  effect  of 
reducing  the  temperature  at  which  the  mixed  liquid  phases  appear  and  possibly  the 
hot  hardness. 

2.3  Mechanical  Mechanisms 


The  passage  of  the  projectile  over  the  bore  surface  can  remove  mechanically  weakened 
material.  In  addition,  there  are  significant  frictional  heating  effects  during  the 
engraving  process.  In  data  to  be  presented  later  in  this  paper,  frictional  heating 
contributes  about  8%  of  the  total  heat  transfer  in  a  40mm  RCL  gun  test. 

The  pressure  gradient  causes  the  acceleration  and  impact  of  burning  propellant 
grains  against  the  bore  causing  increased  heat  transfer  and  ablation  of  material 
from  the  wall. 
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3.  WEAKNESSES  IN  PRESENT  THEORIES 

The  major  weaknesses  in  present  theories  are  summarised  as  follows 

(1)  They  fail  to  account  satisfactorily  for  the  differences  in  wear  rates  of 
charges  conditioned  and  fired  at  elevated  and  reduced  temperatures.  In 
Table  1,  wear  results  for  an  experimental  charge  firing  the  L23  APFSDS 


Wear  mm/rnd  x  10 

& 

Horizontal 

Vertical 

Mean 

\ 

o 

• 

o 

1.8 

0 

0.9 

21*C 

7-3 

10.9 

9.1 

52*C 

9.1 

18.1 

13.6 

table  1  WEAR  RATES  FOR  EXPERIMENTAL  CHARGE  FIRING 
L23  PROJECTILE 

projectile  show  a  15  fold  increase  for  only  a  82‘’K  temperature  rise  of  a 
propellant  whose  flame  temperature  is  3580K.  Thornhill’s  equation 
predicts  only  a  24%  increase  in  wear  rate. 

(ii)  They  fail  to  account  for  the  well  known  fact  that  the  use  of  separated 

ammunition  results  in  oval  barrel  wear.  This  is  not  due  to  the  asymmetry 
of  the  charge  lying  in  the  chamber.  Further  as  the  mean  wear  rate  has 
been  reduced  so  the  magnitude  of  ovality  has  increased  suggesting  that 
there  is  another  wear  mechanism  which  becomes  a  larger  factor.  The  gas 
leakage  mechanism  is  hypothesised  as  being  the  major  cause  of  oval  wear. 
Table  2  shows  some  wear  results  for  fixed  and  separated  ammunition  obtained 
over  the  past  two  decades  showing  how  the  ovality  has  increased  although 
the  mean  wear  rate  has  been  considerably  diminished. 
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Gun/ Ammunition 

Mean  Wear 
mm/rnd  x  10*** 

Ovalty  % 

105  mm  t7/APDS  fixed 

14 

0 

120  mm  L1 1  /APDS  bag 

21 

KVert) 

120  mm  L11/APOS  CCC 

8 

7  (Hor  ) 

120  mm  M13a/APOS  CC  fixed 

21 

0 

1 10  mm  /APDS  CCC 

13 

18  (Vert  ) 

120  mm  L11/F  APFSOS  CCC 

4 

60  (Vert) 

TABLE  2  MEAN  WEAR  RATES  AND  OVALITY  IN  TANK  GUNS 


(iii)  They  fall  to  correlate  the  observed  wear  with  the  observed  or  predicted 

heat  transfer.  In  particular  the  wear  profile  along  the  barrel  length  is 
localised  in  the  region  of  the  commencement  of  rifling,  whereas  heat 
transfer  to  the  barrel  wall  is  predicted  from  steady  state  convective 
heat  transfer  to  be  much  more  uniform  down  bore.  The  localised  nature  of 
wear  observed  in  chrome  plated  and  unplated  120mm  Lll  barrels  firing  APDS 
projectiles  is  presented  in  figure  (6). 
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Wear  V  Wear 


4. 


METHODS  OF  REDUCING  WEAR 


Tliere  are  two  types  of  method  of  reducing  barrel  wear;  by  increasing  the  bore 
surface  melting  points,  its  hot  hardness  or  its  resistance  to  chemical  attack  by  the 
application  of  refractory  coatings,  or  by  reducing  the  amount  of  heat  transferred 
usually  by  changing  the  characteristics  of  the  boundary  layer.  In  this  section,  the 
common  methods  of  reducing  wear  are  discussed  briefly. 

4. 1  Coatings 

Chromium,  applied  by  electro-plating,  has  been  used  for  many  years.  With  a  melting 
point  of  1900°C,  high  hot  hardness,  and  its  chemically  inert  nature  it  would  appear 
to  be  an  ideal  material.  Unfortunately,  it  has  a  tendency  to  chip  or  flake  away 
from  the  steel  substrate.  Wear  then  takes  place  at  an  enhanced  rate  in  this  region, 
probably  due  to  increased  t\irbulence  in  the  boundary  layer  leading  to  increased 
mixing  with  core  flow.  This  is  because  the  amount  of  wear  is  comparable  to  the 
boundary  layer  thickness.  It  is  noticeable  that  wear  in  a  plated  barrel  seems  to 
exhibit  the  melt-wipe  process  rather  than  the  usual  heat  craze  cracking  observed  in 
unplated  barrels  and  this  may  be  seen  in  figure  (7), 


or  ir 


plates^ 


#ittr 


;«l  -  C  A' 


FIGURE  7  COMPARISON  OF  PLATED  AND  UNPLATED  BARRELS 
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A  problem,  which  is  a  consequence  of  this  localised  wear,  is  that  the  forces  required 
to  engrave  the  projectile  Increase,  leading  to  a  larger  maximum  chamber  pressure. 

This  may  limit  the  increase  in  the  number  of  rounds  which  can  be  fired. 

In  the  absence  of  fatigue  cracking,  barrel  life  is  determined  by  the  amount  of 
degradation  in  accuracy  which  can  be  tolerated  and  this  is  usually  correlated  with 
the  observed  wear  near  commencement  of  rifling.  Data  from  LCWSL/ARRADCOM  obtained 
for  155mm  ordnance  suggeests  that  chromium  plate  degrades  accuracy.  However,  UK 
experience  with  the  120mm  Lll  tank  gun  firing  APDS  bagged  charge  ammunition  shows  no 
statistically  significant  difference  in  accuracy  between  the  standard  ordnance  and 
0.13mm  (0,0005  inch)  chromium  plated  barrels.  Nor  has  the  accuracy  shown  any 
statistically  significant  correlation  with  the  amount  of  wear  at  the  25.4mm  (1  inch) 
forward  of  commencement  of  rifling  (CbR)  position,  provided  that  its  effect  on  muzzle 
velocity  is  compensated  for. 

In  general,  chromium  plating  offers  about  a  doubling  in  the  wear  life  of  barrels, 
which  is  useful  but  not  sufficiently  great  as  to  make  its  adoption  mandatory. 

There  has  therefore  been  increased  effort  to  develop  alternative  coating  techniques 
and  materials  both  in  the  UK  and  the  US.  By  carefully  controlling  the  plating  bath 
temperature  and  rate  of  deposition  a  so-called  "low  contractile"  chromium  plate  can 
be  deposited.  This  is  relatively  free  from  micro-cracks  and  seems  to  offer  improved 
resistance  to  flaking  from  the  steel  substrate.  Longer  term  research  Involves  barrel 
coating  by  tungsten,  molybdenum  or  their  alloys  using  chemical  vapour  deposition  or 
the  more  promising  plasma  vapour  deposition.  The  major  problem  with  the  former 
process  is  that  the  high  temperature  employed  tends  to  degrade  the  mechanical 
properties  of  the  substrate,  whilst  the  problem  with  the  latter  process  is  the 
extremely  slow  coating  rate.  Tungsten  and  molybdenum  offer  much  Improved  room 
temperature  hardness  and  melting  points  even  over  chromium  and  would  therefore  appear 
to  offer  improved  wear  characteristics. 

The  thickness  of  the  coating  required  is  determined  by  its  thermal  diffusivity.  It 
is  assumed  that  it  is  necessary  to  have  a  sufficient  thickness  of  coating  so  that 
the  maximum  temperature  rise  of  the  steel  substrate  is  less  than  725*C,  the  first  of 
the  solid  state  phase  changes  (see  figure  1).  The  thickness  required  can  be  simply 
calculated  by  solving  the  1-D  heat  conduction  diffusion  equation  assuming  that  the 
heat  is  applied  as  a  delta  function  to  the  boundary.  This  yields ; 

y  =  ,E  .  JL  (8) 

/  TTe  pCy  T^ax 


where, 


H  =  total  heat  transfer 

p  =  density 

Cy  =  specific  heat 

=  maximum  permissible  temperature  rise. 

lua  A 


For  chromium,  the  thickness  required  in  a  12^  barrel  firing  CX  propellant  (the 
UK  RDX  based  gun  propellant)  is  0.10mm  (0.004  inch),  but  there  is  considerable 
uncertainty  in  the  thermal  diffusivity  of  chromium  at  elevated  temperatures. 
Arbitrarily  increasing  the  thickness  much  further  probably  ^ . 

problems  due  to  differences  in  the  strain  and  the  temperature  coefficient  of  1 

expansion  with  the  steel* 

It  has  also  been  proposed  that  one  effect  of  introducing  materials  such  as  talc  or 
"Swedish  additive"  is  to  build  up  a  layer  along  the  bore  surface  which  exhibit 
low  thermal  diffusivity.  Calculations  based  upon  estimates  of  the  thermal 
diffusivity  indicate  that  this  could  be  significant  in  reducing  heat  transfer. 

4.2  Boundary  Layer  Effects 

In  the  early  1950s  it  was  discovered  by  the  Canadians  that  cartridge  case  liners 
^df  fr^polyurethane  foam  increased  the  barrel  life  by  a  factor  of  about  four  and 
this  was  attributed  as  being  due  to  the  injection  of  relatively  cool  gas  from  the 
liner  into  the  boundary  layer.  It  was  found  that  the  cellular  nature  of  the  foam 
was  necessary  to  its  efficacy  which  suggests  that  the  effect  is  not  solely  due  to 
the  gaseous  decomposition  products* 

By  1961  the  so-called  Swedish  additive,  comprising  of  a  mixture  of 

aid  wax  impregnated  into  a  rayon  cloth  had  appeared.  i^^rel 

have  shown  that  these  additives  reduce  heat  transfer  by  up  to  20/i  and  increase  barrel 

wear  life  by  up  to  25  times* 

The  UK  practice  since  the  late  1960s  has  been  to  employ  combustible  cartridp  cases 
(CCC)  impregnated  with  talc.  Table  2  shows  the  effect  of  replacing  a  bag  charp 
coSris^rS  cotton  by  a  CCC  comprising  of  nitrocellulose,  Kraft  paper  -d  a  Latex 
binder  only  and  indicates  a  3i  to  4  fold  reduction,  '^en  talc  is  added  at  the  10  . 

by  weight  level,  a  wear  reduction  of  the  order  of  25  fold  is  experienced. 
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Experimental  work  has  indicated  that  a  mean  particle  size  of  talc  of  about  5  microns 
results  in  maximum  wear  reduction.  The  reasons  for  the  reduction  in  heat  transfer 
and  wear  are  probably  two  fold,  firstly,  there  is  a  transient  effect  due  to  the 
thermal  capacity  of  the  particles.  Secondly,  the  particles  affect  the  boundary 
layer  characteristics  through  slip  between  them  and  the  gas  flow  and  this  provides  a 
longer  term  effect.  The  interaction  of  the  particles  with  the  boundary  layer  is  the 
subject  of  study  by  the  University  of  Southampton  using  a  5  inch  Shock  Tube  and  is 
discussed  in  section  5.5. 

A  promising  technique  is  the  so-called  silicone  smear  which  was  thought  to  work  by 
sweat  cooling.  In  its  original  concept,  it  was  contained  in  a  plastic  cup  within  the 
charge.  Unfortunately,  if  the  silicone  fluid  escapes  from  its  cup,  the  propellant 
is  catastrophically  degraded.  An  alternative  form  of  packaging  was  developed  by 
LCWSL/ARRADCOM  by  adding  dimethyl  silicate  to  produce  a  high  viscosity  "grease". 

Later  a  water  impregnated  gel  based  on  the  proprietary  material  "Super-Slurper"  was 
utilised.  In  the  UK,  talc  and  silica  were  added  to  the  silicone  fluid  to  increase 
its  viscosity.  The  reason  why  these  materials  work  is  probably  through  their  effect 
on  the  initial  gas  leakage  around  the  projectile  and  as  a  result  their  effectiveness 
is  crucially  dependent  on  their  early  release  into  the  gas  leakage  path.  Packaging 
is  thus  critical. 


5.  UK  RESEARCH  PROGRAMME  ELEMENTS 

The  UK  gun  barrel  wear  research  programme  has  tended  to  concentrate  on  the  solid 
particle/ gaseous  boundary  layer  interaction  and  upon  transient  phenomena,  particularly 
early  in  the  ballistic  cycle.  In  this  section,  the  main  elements  of  the  programme 
and  the  results  are  presented. 

5.1  RARDE 


RARDE  is  responsible  for  co-ordinating  all  barrel  wear  research  activities  and  under¬ 
takes  research  in  30mra  and  120mm  calibre  guns. 

A  high  speed  cine  photography  trial  was  carried  out  on  120mm  proof  shot  representing 
APDS  and  APFSDA  (see  figures  8  and  9)  in  which  a  retro-reflective  material  was  fitted 
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FIGURE  8  IN  BORE  PHOTOGRAPHY  OF  APDS  SHOT 
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of  Saddle 
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Reignition  in  Obscuralion  of 


FIGURE  9  IN  BORE  PHOTOGRAPHY  OF  APFSDS  SHOT 
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to  the  front  face  of  ths  hot,  illuminated  by  a  xenon  arc  lamp  and  the  in-bore  motion 
was  recorded  on  a  20,000  flame  per  second  camera  via  mirrors.  The  ammunition  was 
separately  loaded.  There  were  clear  indications  that  the  projectiles  experience 
considerable  vibration  at  two  times;  at  charge  ignition  and  immediately  before  and 
during  shot  engraving.  Early  in  the  ballistic  cycle,  cool,  non-luminous  gas  leaks 
past  the  projectiles  prior  to  engraving  and  is  pushed  along  with  the  shot.  Later, 
this  gas  mixes  with  the  air  in  the  barrel  and  is  compressed  by  the  motion  of  the 
shot  so  that  there  is  relgnition  in  the  bore.  For  the  APDS  projectile  the  magnitude 
and  duration  of  this  event  is  much  greater  than  for  the  APFSDS  projectile. 

Projectile  motion  was  determined  using  microwave  interferometry  and  related  to  cine 
events  and  the  measured  pressure  time  curve.  This  experiment  has  indicated  the 
importance  of  gas  leakage  in  the  heat  transfer  process.  It  has  led  to  the  idea  that 
when  rammed  separately,  the  projectile  is  not  aligned  with  the  barrel  axis  due  to 
the  chamber  diameter  being  larger  than  the  bore  diameter  and  the  forcing  cone  region. 
The  cine  film  showed,  in  some  cases,  the  projectile  "pitching"  into  alignment  during 
the  engraving  process.  It  has  also  been  observed  that  the  amount  of  oval  wear  depends 
upon  the  ramming  technique  employed.  Tests  to  study  the  rammed  position  and  orienta¬ 
tion  of  shot  using  Linac  X-Ray  equipment  are  in  hand.  It  is  postulated  that  due  to 
the  pitch  of  the  projectile  in  the  vertical  plane,  gas  leakage,  heat  transfer  and 
hence  wear  tend  to  predominate  in  this  plane.  An  experiment  to  measure  heat  transfer 
in  the  vertical  and  horizontal  planes  will  be  conducted  when  fast  response  thermo¬ 
couples  have  been  developed. 

Bore  surface  thermocouples  are  being  developed  for  30mm  and  120mm  gun  experiments 
using  machineable  glass  ceramic  technology  and  a  junction  formed  by  sputtering  a  thin 
layer  of  tungsten  onto  Pt/Pt  Rh  wires.  They  are  designed  for  an  operational  pressure 
of  600MPa.  Figure  10  shows  how  the  surface  harmonic  temperature  is  attenuated  by 
the  depth  of  steel  between  the  bore  surface  and  the  thermocouple.  In  order  to  record 
temperature  fluctuations  of  lOkHz  the  thermocouple  must  be  within  0.02mm  (0,8  thou) 
of  the  bore  surface. 
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FIGURE  10  ATTENUATION  OF  A  SURFACE  HARMONIC 
TEMPERATURE  (Tq) 


The  radioisotope  technique  in  which  a  region  of  the  barrel  or  small  probes  are 
irradiated  by  a  neutron  beam  to  produce  C056  from  Fe  in  the  steel 
study  wear  in  30mm  barrels  and  will  be  extended  to  120mm  barrels.  It  permits  wea 
measurements  with  a  resolution  of  better  than  1  micron  compared  with  conventional 
mechanical  methods  of  about  25  microns • 

This  measurement  technique  has  been  employed  to  attempt  to  validate  Thornhill’s 
equation.  Propellants,  based  upon  the  RDX/NG/NC  formulation,  having  flame  temper- 
tures  ranging  from  3102K  to  3574K  were  manufactured  with  various  ballistic  sizes  to 
give  the  same  muzzle  velocity  in  the  30mm  test  gun.  The  compositions  are  given  in 

Table  (3). 
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FLAME 
TEHP  ®K 

FORCE 

MJ/KG 

PERCENTAGE 

RDX 

NG 

NC 

PICRITE 

3112 

1.174 

44.2 

18.5 

18.5 

8.4 

3195 

1.17i 

32.0 

20.0 

20.0 

21.0 

3299 

1.  172 

21.8 

25.8 

25.8 

20.7 

3397 

1.172 

9.8 

34.8 

34.8 

14.4 

3574 

l.lBl 

- 

46.3 

46.3 

- 

table  3  PROPELLRNT  HRIN  CONSTITUENTS 


Figure  11  shows  the  wear  measurements  obtained  from  the  irradiated  spot  on  the  barrel 
(in  a  groove,  1  inch  forward  CoR)  as  a  function  of  round  number  and  propellant  type. 
The  wear  per  round  was  obtained  by  least  squares  fitting  of  a  line  through  the  data 
and  the  determination  of  its  slope.  The  ammunition  fired  was  of  a  fixed  nature,  and 
the  charge  weight  was  kept  constant  at  139  grams. 


figure  11  WEAR  RATE  OF  5  DIFFERENT  FLAME  TEHP  PROPELLANTS 
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Table  4  is  a  summary  of  results  and  compares  the  observed  wear  with  the  Thornhill 
nredlction.  Clearly,  although  the  prediction  is  of  about  the  right  ma^itude  for 
the^low  flame  temperature  propellant  it  is  incorrect  for  the 

bore  surface  temperature  rise  in  this  experiment  is  calculated  as  950C  and  the  data 
from  figure  (5)  has  been  reworked  to  obtain  wear  rates  for  the  same  value.  These 
a^rnlotted  in  figure  (12)  together  with  the  experimental  results  and  reveal  an 
rprSfire  consistency:  It  stems  to  appear  that  the  rule  of  thj^b  that  the  hotter 
the  flame  temperature,  the  more  severe  the  wear  is  incorrect,  when  the  shot 
performance  and  bore  surface  temperature  are  kept  constant. 

Further  work  is  in  hand  to  study  the  effects  of  a  wide  range  of  combustible  ^^tridge 
case  formulations  on  heat  transfer  and  wear  rate  using  an  experimental  stub  RARDEN 

ammunition. 


PLRHE 

TEHP 

•k 

PMflX 

MPfl 

VELOCITY 

W/S 

PREDICTED  1 

UERR/RND 

Tnnx 

•c 

DEAR 

(THORNHILL) 

DARREL  1 
CHIC 

PROBE  1 
ROHETERS: 

KNOOP 

3112 

429.4 

1244.4 

891 

2.13 

1.16 

3.34 

5.2 

3595 

358.3 

1216. f 

919 

2.29 

1 .28 

8.66 

8.68 

3299 

381.5 

123f  .2 

952 

2.54 

1.14 

1.88 

4.98 

3397 

411.9 

1245.5 

983 

2.79 

1.43 

1.28 

8.98 

3571 

346.  i 

1212. • 

1137 

3.15 

8.13 

1.48 

2.98 

table  4  SUMMARY  OF  RESULTS 


FIGURE  12  EFFECT  OF  PROPELLANT  FLAME  TEMPERATURE 
ON  WEAR  RATE 
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5. 2  Royal  Military  College  of  Science 


RMCS  have  been  working  under  RARDE  contract  to  measure  the  heat  transfer  in  a  40iran 
reccoilless  gun  and  a  0.5  inch  General  Purpose  Machine  Gun  (Ref  2),  using  bore 
surface  thermocouples  of  the  ASEA  type,  having  a  maximum  pressure  limit  of  60MPa  and 
giving  a  high  frequency  response.  Figure  13  shows  a  typical  result  from  a  40mm  RCL 
gun  firing  and  it  may  be  noted  that  some  of  the  transient  rises  in  temperature  at  1 
inch  CoR  contain  frequencies  of  about  15kHz. 


FIGURE  13  SURFACE  TEMPERATURE  RISE  AT  1  inch  C  of  R 
40mm  RCL  GUN 


This  data  can  be  converted  into  a  heat  flux,  q,  and  by  integration  the  total  heat 
transfer,  H,  can  be  deduced.  This  may  be  seen  in  figure  14.  Round  by  round  varia¬ 
tions  are  small  in  terms  of  the  total  heat  transferred  to  the  barrel  wall  after  shot 
exit  as  may  be  observed  in  figure  (15). 
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FIGURE  14  INSTANTANEOUS  HEAT  FLUX  &  TOTAL  HEAT  TRANSFER 
AT  THE  BORE  OF  A  40imn  RCL  GUN  1  inch  C  of  R 


Mean  Heat  Transfer  after  6ms  =  224kJ/m^  Maximum  Pressure  at  1.5ms 

90%  Rise  Time  =  2.5ms  Shot  Ejection  at  4.5ms 

FIGURE  15  TOTAL  HEAT  TRANSFER  AT  1  inch  C  of  R  40mm  RCL  GUN 
SHOWING  ROUND  BY  ROUND  VARIATIONS 
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The  projectile  has  three  positions  of  interest  (see  figure  16),  1  is  the  commencement 
of  the  driving  band,  2  the  end  of  it  and  3  the  base  of  the  shot. 


Figure  17  shows  the  bore  surface  temperature,  total  heat  transfer  and  pressure  time 
curve.  The  projectile  motion  is  deduced,  ignoring  the  effect  of  engraving  forces, 
from  the  latter  and  the  time  at  which  the  three  positions  of  interest  on  the  projec¬ 
tile  pass  the  thermocouple  measuring  station  are  marked.  It  is  postulated  that  the 
first  large  temperature  excursion  is  due  to  gas  leakage,  whilst  the  second  corresponds 
to  frictional  heating  during  engraving,  and  the  convective  heat  transfer  from  pipe 
flow  conditions  occurs  only  relatively  late  in  the  ballistic  cycle.  Indeed,  60%  of 
the  total  heat  transfer  in  this  case  occurs  before  the  projectile  has  "uncovered" 
the  thermocouple. 
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FIGURE  17 


5,3  Concentration,  Heat  and  Momentum  Ltd 

CHAM  have  been  computing  solutions  to  the  Navier-Stokes  equations  using  PHOENICS,  a 
eeneral  three  dimensional  hydrodynamics  and  heat  transfer  code.  A  turbulence  model 
Lsed  on  the  high  Reynolds  Number  k-e  approach  is  used  and  wall  shear  stress  and 
heat  transfer  are  computed  using  a  wall  function  method  (1/7 th  power  law).  The 
boundary  conditions  corresponding  to  the  120mm  gun  firing  APFSDS  a™ition  are 
used.  Propellant  gas,  combustible  case  gas  and  talc  are  injected  into  the  spatial 
mesh  across  an  arbitrary  inlet  plane  according  to  previously  generated  data  obtained 
using  a  conventional  "lumped  parameter"  Internal  ballistics  code. 

The  code  has  also  been  applied  to  the  conditions  appertaining  to  the  ^ 

Southampton  5  inch  shock  tube.  Good  agreement  was  immediately  obtained  for  the  case 
of  clean  argon  "driven"  gas,  but  only  when  allowance  was  made  for  J  ® 

particles  and  the  gas  in  the  boundary  and  an  appropriate  source  function  governing 
the  lift  of  particles  from  the  shock  tube  wall  was  good  agreement  obtained  for  tne 

dusty  case. 

Some  initial  results  for  the  120mm  gun  case  are  presented  here  for 

time,  2.5ms  and  4.5ms  after  the  start  of  projectile  motion.  FigJJ’^es  (18)  and  (19) 

show  the  isotemperature  contours  and  talc  distribution  between  the 

the  simplified  geometry  of  the  rear  end  of  the  shot.  The  adiabatic  flame  tempera 
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ture  of  the  propellant  was  3580K.  It  will  be  noted  that  local  temperatures  are  in 
excess  of  this  due  to  compression  heating  of  propellant  gas  formed  early  in  the 
ballistic  cycle  by  that  formed  later*  The  talc.  Injected  near  the  boundary  layer, 
remains  close  to  the  bore  wall,  does  not  mix  with  the  core  flow  and  reduces  the 
temperature  at  the  edge  of  the  boundary  layer  by  200C* 


LUILLini/IUIIIII/I  // 


TEMPERATURE 


H  •  4700K 
L  «  3400K 


TrmjT/ 


a)  Clean 


imn 

b)  Dusty 


•  INCREASE  IN  TEMPERATURE  DUE  TO  EXPANSION 

•  LOWER  TEMPERATURE  NEAR  WALL  IN  'DUSTY'  CASE. 


FIGURE  18  2.5msec.  CONTOURS  OF  TALC  DISTRIBUTION  AND 
TEMPERATURE 
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Gas  velocities  and  streamlines  are  shown  in  figures  20  and  21.  Note  the  formation  ^ 
of  eddy  rotation  at  the  base  of  the  projectile,  which  coupled  ^th  the  high  tempera 
^urfof  the  gas  may  cause  localised  regions  of  high  heat  transfer  as  the  base  of  the 
projectile  passes  across,  particularly  when  the  velocity  is  low.  Some  experimental 
support  for  this  may  be  deduced  from  figure  6  for  the  chrome  plated  barrel  at  the 

base  of  the  shot. 

This  work  is  being  extended  to  include  the  effect  of  gas  leakage  P^st  the  shot 
together  with  improved  methods  of  handling  particle  motion  and  injection.  The 
results  so  far  indicate  that  particle  size  is  not  too  important  and  that  the  grea  e 
the  amount  injected,  the  larger  the  heat  transfer  reduction. 


INLET 


zz 


3^ 


Si 


VECTORS 


ROTATION  OF  EDDIES- 
THESE  REVERSE 
DIRECTION  LATER. 


a)  Clean 


Scale:  —  *  BOms"^ 

Velocity  vectors  are  relative  to  the  shell  velocity 


VTTTTTTTTTTTTTTT/^, 

1)  nusty 


FIGURE  20  2.5msec.  VECTORS  AND  STREAMLINES. 

VELOCITIES  RELATIVE  TO  PROJECTILE 


II I- 247 


FIGURE  21  4.5msecs.  VECTORS  AND  STREAMLINES. 

VELOCITIES  RELATIVE  TO  PROJECTILE 


5.4  Combustion  and  Particle  Flow  Research  Ltd 

Because  It  was  thought  that  the  effect  of  the  particles  on  heat  transfer  was  through 
Its  action  on  the  turbulent  Intensity  [eg  see  Saffman  (Ref  11)]  It  was  thought 
desirable  to  set  up  an  experiment  to  measure  the  turbulent  KE  In  the  boundary  layer 
using  the  laser  Doppler  anemometry  technique.  This  work  Is  being  undertaken  In 
several  gun  test  fixtures  Including  a  30mm  RARDEN  barrel  using  a  modified  Diehl  LDA 
Interferometer  and  a  4  watt  argon  laser  at  a  newly  developed  test  site  25  miles 
south  of  Manchester,  England.  Progress  has  been  delayed  due  to  the  Inadequate 
performance  of  the  LDA  system,  vibration  effects  on  the  Doppler  signal  and  the  need 
to  refine  further  the  sapphire  window  In  the  gun.  However,  experimental  results 
will  shortly  become  available. 


Measurements  of  heat  transfer  during  and  after  the  passage  of  a  shock  wave  across  a 

Pt  thin  film  gauge  mounted  Initially  In  the  side  wall,  but  later  In  a  flat  plate 

insert  In  the  centre  of  a  shock  tube  have  been  carried  out  in  the  presence  and  absence 

of  a  uniform  dust  layer  of  talc,  and  other  additives  (Ref  8).  An  attempt  has  also 

been  made  to  measure  the  dust  loading  in  the  boundary  layer  by  means  of  an  extinction 
experiment  using  a  He-Ne  laser.  The  schematic  layout  of  the  experiment  is  shown  in 

figure  (22). 
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FIGURE  22  GENERAL  ARRANGEMENT  OF  THE  FLAT  PLATE 
WORKING  SECTION 


Results  to  date  have  shown  that  there  are  no  major  differences  in  the  reduction  of 
heat  transfer  for  dusts  composed  of  talc  (mean  size  4,5  micron),  aluminium  hydroxide 
FRF  40  (4.5  microns),  zinc  borate  (0.67  microns)  and  copper  II  ethylene  diamine 
tetra-acetate  (7.4  microns).  The  dust  has  a  very  very  large  effect  on  the  heat 
transfer  as  may  be  seen  in  figure  23,  increasing  as  the  mass  loading  is  increased. 


HEAT  TRANSFER  REDUCTION  VS.  MASS  OF  PARTICLES 
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FIGURE  23 


so  that  the  value  of  the  heat  transfer  is  reduced  to  as  little  as  20%  of  that 
observed  in  the  clean  gas  case.  The  transition  from  the  laminar  to  the  turbulent 
boundary  layer  is  delayed  in  the  dusty  case.  When  dust  is  placed  over  the  heat 
transfer  gauge  then  the  response  time  is  increased  significantly  confirming  the 
effect  that  the  thermal  diffusivity  of  the  particles  on  the  bore  surface  can  be 
important  under  certain  circumstances.  A  comparison  of  the  observed  heat  transfer 
for  clean  and  dusty  cases  may  be  seen  in  figure  24,  showing  that  the  major  reduction 
is  during  the  formation  of  the  turbulent  boundary  layer,  and  that  dust  induces  high 
frequency  variations  in  heat  transfer  (~20k.Hz)  which  are  not  observed  in  clean 
conditions.  This  effect  has  not  yet  been  satisfactorily  explained. 


RUN  192 


0  0.4  0.8  l.Z  1.6  2 

TIME  -  SEC  <*10*3) 


FIGURE  24  HEAT  TRANSFER  HISTORY  -  RUN  192 


The  work  has  recently  been  extended  to  Include  a  "driven"  gas  mixture  roughly 
corresponding  to  propellant  gas  as  a  replacement  for  argon.  The  effect  of  the  dust 
is  even  greater  in  this  case  (up  to  90%  reduction  in  heat  transfer)  and  some  effects 
due  to  gas  chemical  kinetics  are  being  observed. 

In  the  next  few  months  a  rifled  section  of  120mm  barrel  will  be  inserted  into  the 
shock  tube  with  side  wall  mounted  gauges  to  determine  the  effect  of  the  rifling. 

This  should  be  significant  since  it  is  of  a  comparable  dimension  to  the  boundary 
layer  thickness. 
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6. 


CONCLUSIONS 


Other  heat  transfer  mechanisms,  in  addition  to  that  of  convection  from  the  propellant 
gas,  are  Important  in  determining  barrel  wear,  these  are  likely  to  be  gas  leakage 
past  the  shot  early  in  the  ballistic  cycle,  frictional  heating,  eddy  rotation  of 
propellant  gas  at  the  base  of  the  shot. 

Gas  leakage  past  the  shot  may  be  responsible  for  oval  barrel  wear  in  separated 
ammunition.  It  may  be  controlled  by  the  appropriate  design  of  driving  band  and  by 
the  silicon  smear  technique  provided  it  is  in  the  region  of  the  shot  base  at  the 
beginning  of  the  ballistic  cycle.  Chromium  plating  or  other  coatings  in  this  region 
would  be  beneficial  in  reducing  wear. 

The  nature  of  dust  additives  such  as  talc,  molybdenum  trioxide,  titanium  dioxide  etc 
does  not  seem  to  be  important.  They  seem  to  work  primarily  by  their  effect  on  the 
turbulent  boundary  layer  producing  reductions  in  heat  transfer  of  up  to  80%.  More 
additive  produces  more  heat  transfer  reduction. 

The  above  techniques  appear  to  be  extremely  promising  in  controlling  heat  transfer 
in  still  higher  performance  guns  than  available  at  present. 
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Abstract 


The  30-min  GAU-8/A  gun  system  is  the  first  operational  medium  caliber  gun  designed  to  fire  only 
ammunition  with  plastic  rotating  bands.  The  GAU-8/A  Barrel  Life  Improvement  Program  was  directed 
toward  improving  barrel  life  for  projectiles  with  plastic  rotating  bands  and  optimizing  performance  of 
all  types  of  current  GAU-8/A  ammunition.  This  project  included  building  and  testing  63  barrels  and  fir¬ 
ing  165,000  rounds  of  GAU-8/A  ammunition  including  target  practice  (TP),  high  explosive  incendiary 
(HEI)  and  armor  piercing  incendiary  (API).  Sets  of  seven  barrels  were  produced  consisting  of  six 
special  barrels  and  a  standard  barrel  for  a  base  line.  Thus  all  barrels  in  a  set  were  subject  to  the  same 
duty  cycle,  enabling  direct  comparisons  of  ammunition  performance  and  barrel  condition  resulting 
from  the  various  barrel  designs. 
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Introduction 


The  program  was  structured  to  evaluate  low  cost  modifications  to  the  GAU-8/A  barrels  with  pro¬ 
mise  of  increasing  barrel  life  and  to  evaluate  modifications  which  would  minimize  projectile  body 
engraving  and  windscreen  losses  in  hot  gun  barrels.  After  preliminary  screening  iterations,  consisting 
of  building  and  testing  various  barrel  designs,  optimized  barrels  were  designed  and  qualified. 

Two  types  of  tests  were  used  during  this  program: 

1.  Single-shot  heated  barrel  tests  were  used  to  simulate  the  rounds  fired  toward  the 

end  of  long  bursts  (Figure  1). 

2.  Burst  fire  tests  were  used  to  determine  barrel  life  and  evaluate  ammunition 
performance  throughout  the  life  of  the  barrels.  (Figure  2). 

This  program  used  extensive  instrumentation  to  insure  that  a  realistic  assessment  of  barrel  condi¬ 
tion  and  ammunition  performance  was  obtained.  Table  1  shows  instrumentation  used  during  tests. 

For  the  purposes  of  this  study,  a  barrel  was  considered  to  be  worn  out  when: 

1 .  Projectile  spin  was  inadequate  to  ensure  gyroscopic  stability  (Table  2). 

2.  Safe  fatigue  life  was  exceeded. 

The  GAU-8/A  barrel  also  has  a  lO'^'o  muzzle  velocity  drop  limit,  however,  in  actual  usage  projectiles 
exhibit  very  little  velocity  drop  at  the  muzzle  prior  to  the  barrel  reaching  one  of  the  above  two  limits. 
Constant  velocity  throughout  the  Ufe  of  the  barrel  is  probably  the  most  important  benefit  of  plastic 
rotating  bands  in  the  GAU-8/A  gun. 

The  program  also  compared  performance  of  ammunition  fired  from  hot  thermally  expanded  barrels 
with  ammunition  fired  from  barrels  at  ambient  temperature  with  oversized  bores.  The  purpose  was  to 
determine  if  oversize  barrels  could  be  beneficially  applied  to  check  ammunition  performance  under 
realistic  operational  conditions. 

Improved  Barrels: 

Bore  Coating  and  Material  Changes  to  Reduce  Erosion 

Long  life  is  achieved  with  GAU-8/A  barrels  firing  ammunition  with  plastic  rotating  bands  because 
of  much  longer  chrome  plate  retention  than  with  copper  bands.  Once  the  chrome  plate  is  lost  erosion 
progresses  relatively  quickly.  Since  the  plastic  bands  can  tolerate  relatively  little  erosion  and  still  meet 
projectile  spin  requirements,  chrome  plate  retention  is  essential.  Testing  has  shown  that  chrome  reten¬ 
tion  is  very  sensitive  to  firing  schedule  as  shown  in  Figure  3.  This  probably  explains  why  plastic  ban  s 
have  not  performed  very  well  in  some  large  caliber  weapons  where  single  shot  heat  inputs  are  very 
high.  This  program  was  oriented  toward  low  cost  modifications  which  would  improve  barrel  life. 
Several  bore  coatings  were  tested  in  an  attempt  to  find  coatings  more  resistant  to  erosion  than  the  stan¬ 
dard  4  mO  HC  chrome  plate.  Modifications  tested  and  life  test  results  we  summarized  in  Table  3.  More 
details  on  coating  performance  are  contained  in  a  paper  on  that  topic  by  Messrs  Duke,  Perrin,  and 
Blair.(l)  Thick  HC  chrome  or  a  duplex  coating  of  a  thin  layer  of  LC  chrome  covered  by  a  thick  layer  of 
HC  chrome  gave  the  best  results. 
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Design  Changes  to  Reduce  Body  Engraving 

One  of  the  most  interesting  phenomenon  about  which  relatively  little  information  has  been 
presented  in  barrel  conferences  is  projectile  down  barrel  yawing  (balloting)  which  can  result  in  body 
engraving  of  the  projectile  (Figure  4).  Figure  5  shows  the  effect  of  thermal  expansion  of  the  muzzle  on 
clearance  between  the  projectile  and  the  barrel  when  firing  a  long  continuous  burst.  Plastic  rotating 
bands  tend  to  increase  yaw  because  the  plastic  does  not  center  the  aft  end  of  the  projectile  as  well  as 
copper  or  iron.  After  exit  from  the  barrel,  the  projectiles  may  yaw  severely.  Figure  6  shows  clearance 
between  the  barrel  and  the  projectile  including  body  engraving  versus  first  maximum  yaw.  If  the  pro¬ 
jectiles  are  fully  spun,  they  are  stable  and  the  yaw  damps  out.  An  example  of  damping  is  shown  in 
Figure  7.  Figure  8  shows  an  example  of  the  effect  of  yaw  of  a  fully  spun  round  on  target  velocity.  The 
current  GAU-8/A  barrels  are  constant  twist.  Gain  twist  was  not  used  initially  because  it  was  not  known 
where  erosion  would  occur  first  and  it  was  felt  to  be  very  important  to  reduce  torque  down  barrel  where 
rapid  wearing  of  the  plastic  rotating  band  was  expected  because  of  high  velocities  and  hot  rotating 
bands.  Gain  twist  was  evaluated  in  this  improved  barrel  for  a  unique  reason;  to  minimize  body  engrav¬ 
ing  of  projectiles.  Gain  twist  was  used  as  a  means  of  changing  the  contact  point  between  a  tipped 
(balloted)  projectile  and  the  rifling  and  thus  reducing  engraving  of  the  projectile  body.  Barrels  with  five 
different  gain  twist  designs  were  produced  and  tested.  The  torque  versus  travel  curves  for  these  barrels 
are  shown  in  Figure  9. 

This  study  showed  that  conventional  gain  twist  barrels  starting  with  straight  rifling  were  not  satisfac¬ 
tory  because  as  a  result  of  band  wear  out,  they  did  not  always  fully  spin  projectiles  even  when  the  bar¬ 
rels  were  new.  Adding  lands  helped,  however,  projectile  body  engraving  was  found  to  increase  as  the 
number  of  lands  was  increased  (due  to  reduced  width  of  the  top  of  the  land).  The  best  combinations 
tested  had  an  initial  constant  twist  ranging  from  5.4"  to  7°  with  a  gain  twist  after  peak  chamber  pressure 
was  reached.  Exit  angle  in  all  cases  was  9.9"  which  is  required  for  API  projectile  stability.  The  maximum 
projectile  yaw  of  API  rounds  fired  from  hot  gain  twist  barrels  was  about  50%  less  than  rounds  fired  from 
constant  twist  barrels  (Table  4).  Improvement  in  HEI  rounds  was  less,  however,  target  velocity  of  API 
rounds  is  the  prime  concern  in  the  A- 10  aircraft  due  to  the  fact  that  armor  penetration  capability  is 
significantly  affected  by  target  velocity.  Current  TP’s  have  no  body  engraving  problem  due  to  their 
favorable  mass  properties. 

Design  Verification  Tests 

The  improved  barrels  incorporating  gain  twist  and  thick  chrome  were  evaluated  by  testing  con¬ 
ducted  at  Eglin  AFB.  Tests  were  conducted  firing  the  Tactical  Air  Command  (TAC)  combat  firing 
schedule  shown  in  Table  5.  Tests  were  conducted  with  sets  of  seven  barrels  including  one  standard  bar¬ 
rel,  3  improved  barrels  with  20  lands,  and  3  improved  barrels  with  22  lands.  Primary  testing  was  con¬ 
ducted  firing  combat  ammunition  on  one  set,  and  firing  target  practice  ammunition  on  another  set.  Fir¬ 
ing  history  and  estimated  life  are  shown  in  Table  6.  Firing  the  TAC  schedule,  the  barrel  life  was  increas¬ 
ed  from  the  range  of  12,000  to  15,000  gun  rounds  to  a  range  of  20,000  to  25,0{X)  gun  rounds.  Training 
life  with  both  current  and  improved  barrels  will  typically  be  limited  to  36,000  gun  rounds  by  fatigue; 
however,  if  long  bursts  are  fired  during  training  the  36,000  limit  will  not  be  reached  by  either  barrel  but 
the  improved  barrel  will  have  a  longer  life.  Dispersion  of  the  current  barrel  firing  API  ammunition  was 
about  twice  as  large  as  with  improved  barrels  due  to  projectile  body  engraving.  Less,  but  significant, 
improvement  was  made  in  HEI  ammunition.  All  TP  rounds  had  low  dispersion  because  they  do  not  body 
engrave.  Figure  10,  11  and  12  show  an  example  of  dispersion  of  individual  barrels  firing  API,  HEI,  and 
TP  ammunition. 
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After  completion  of  life  testing  at  Eglin,  the  barrels  were  returned  to  GE  for  single  shot  evaluation. 
Single  shot  tests  were  run  with  ammunition  conditioned  at  temperatures  between  -65®  and  160®F  and 
with  barrel  temperatures  up  to  1000°F.  The  HEI  round  was  found  to  limit  barrel  life.  HEI  rounds  failed  to 
reach  their  67*%  spin  required  for  stability  prior  to  the  time  that  the  API  round  fails  to  reach  its  91%  stability 
criteria.  Figure  13,  14,  and  15  show  spin  rates  obtained  during  these  tests.  It  is  interesting  to  note  that  in 
barrels  with  relatively  slight  erosion,  the  failures  to  fully  spin  occurred  first  in  hot  barrels;  however, 
after  significant  erosion  occurred,  there  was  little  difference  in  spin  rates  with  hot  versus  cold  gun  bar¬ 
rels. 

Selected  Design  of  Improved  Barrels 

The  design  changes  made  in  the  improved  barrel  are  shown  in  Table  7.  The  new  barrel  design  in¬ 
cludes  changes  which  have  little  effect  on  production  costs  but  improve  life  and  performance  very 
significantly  when  firing  severe  schedules.  Primary  among  the  changes  are  thicker  chrome  and  gain 
twist  rifling. 

Oversize  Barrel  Evaluation: 

Oversize  barrels  were  also  tested  in  this  program  to  determine  if  an  oversized  barrel  at  ambient 
temperature  could  be  used  to  simulate  a  hot  thermally  expanded  barrel.  The  results  were  very  favorable 
showing  that: 

•  .01”  oversized  bore  simulates  a  new  hot  barrel  including: 

-  Projectile  body  engraving  with  resulting  yaw 

-  Increased  rotating  band  losses 

•  .014”  oversize  bore  simulates  a  very  hot  barrel  or  a  worn  barrel  including: 

-  Reduced  spin 

-  Windscreen  losses  (Figure  16) 

These  results  indicate  that  it  would  be  practical  to  adopt  oversized  barrel  tests  as  a  standard  method 
of  showing  ammunition  compatibility  with  thermally  expanded  barrels.  Tests  with  oversized  barrels 
should  be  conducted  during  ammunition  development  and  lot  acceptance  tests.  This  is  a  simple  alter¬ 
native  to  adequately  instrumented  burst  fire  tests. 

Summary 

1.  Optimized  GAU-8  barrels  with  .009”  ±  .002”  thick  HC  chrome,  a  6®  to  9.9®  gain 
twist  rifling  and  22  lands  significantly  improve  GAU-8/A  weapon  effectiveness. 

2.  Oversized  barrels  should  be  used  during  ammunition  development  and  acceptance 
tests  for  all  ammunition  which  will  be  used  in  weapons  with  barrels  which 
experience  significant  thermal  growth. 
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Instrumentation 


Table  1 

Instrumentation  Used  During  Tests _ _ 

Purpose  Single  Shot  Burst  Fire 

-  ^ 


Photographs  of  each 
projectile  26  and 
27  ft.  from  muzzle 


High  Speed  movie  of 
projectile  in  flight 

Velocity 


X-Y  Projectile  Position 
(Electronic  Target) 


•  Spin  Rate 

•  Projectile  Yaw 

•  Rotating  Band  Condition 

•  Wind  Screen  Condition 


Check  for  Velocity  loss 
(caused  by  drag  of  yawed 
projectile) 

Dispersion  and  mean  point 
of  impact 


X  X 

X 

XXX 

X  X 


•  Projectile  Flight 

•  Rotating  Band  Loss 


Paper  Targets 


Maximum  Yaw  of  Fully  Spun 
Rounds  X 


Moving  Targets 


Projectile  Yaw  and  Windscreen 
Loss 


X 


Projectile  Recovery  Evaluate  Body  Engraving 

in  sawdust 


Barrel  Temperature 


Bore  Expansion 


X  X 


Table  2 

Barrel  Life  Criteria 


1.  Adequate  spin  to  insure  gyroscopic  stability 


Ammunition 


Aerojet  HEI 
Honeywell  HEI 
Aerojet  API 
Honeywell  API 
Aerojet  TP 
Honeywell  TP 

2.  Safe  fatigue  life  (36,(X)0  Gun  Rounds) 


Spin  Required  to  Ensure  Stability 
<1^0  of  Full  Spin 

70°F,  Still  Air  -65°F,  350  Knots 


49%  66% 

49%  66% 

67%  91% 

65%  88% 

37%  49% 

42%  56% 


3.  Projectile  muzzle  velocity  drop  of  10% 

(10%  drop  was  never  approached,  1%  is  typical) 
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Table  3 


Designs  Evaluated  in  Barrel  Sets  and 


Design  Modifications 

Gun  Rounds  Fired 

Erosion 

Standard  Barrel^ 

17,800 

Moderate 

5.4  to  9.9®  Gain  Twist 

17,800 

Moderate 

24  Lands 

17,800 

Worst 

Gas  Nitride  Prior  to  Chrome  Plate 

17,800 

Moderate 

.007”  Cr 

17,800 

Best 

Modified  Initiation  of  Rifling 

17,800 

Moderate 

Extra  Material  Where  Down  Barrel  Erosion 

Occurs 

17,800 

Moderate 

Inconel  903  Barrel  Material  w/o  Cr  Plate 

3,178 

Very  Severe 

Standard  ♦ 

20,600 

Worst 

.01”  Cr 

20,600 

Best 

.007”  Cr;  12.5®  Forcing  Cone 

20,600 

Best 

.007”  Cr;  Band  Stripper  at  Muzzle 

20,600 

Best 

.007”  Cr;  22  Lands 

20,600 

Best 

.007”  Cr;  24  Lands 

20,600 

Worst 

.007”  Cr;  28  Lands 

20,600 

Moderate 

Designs  Evaluated  in  Barrel  Sets  ”C”  and  ”D” 

Standard  Barrel^ 

18,800 

.01”  HC  Cr;  9.5®  Constant  Twist 

26,600 

.002”  LC  Cr  +  .005”  HC  Cr 

23,200 

Shot  Peened  and  Increased  Groove  Radius 

18,800 

.004”  LC  Cr 

16,600 

.007”  LC  Cr 

16,600 

Wide  Lands 

18,800 

Standard  Barrel^ 

14,700 

.007”  HC  Cr;  NO  1.192  Bore  Diameter 

26,000 

.007”  HC  Cr;  7  to  9.9®  Gain  Twist 

26,000 

.007”  HC  Cr;  7  to  9.9®  Gain  Twist 

24  Lands 

26,000 

.007”  HC  Cr;  5.4  to  9.9®  Gain  Twist 

22  Lands 

26,000 

.007”  HC  Cr;  5.4  to  9.9®  Gain  Twist 

24  Lands 

21,300 

0  to  9.9®  Gain  Twist:  24  Lands; 

9,600 

Saw  Tooth  Rifling 


♦Standard  Barrel  Has 
20  Lands 

.004*’  Minimum  HC  Chrome  on  Lands 

9.9®  Constant  Twist  Rifling 

1.192”  Bore  Diameter  at  Initiation  of  Rifling 

♦♦Severe  Chrome  Loss.  Plating  History  is  Unknown 
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Table  4 


Tactical  Air  Command  (TAC)  Firing  Schedule 


Burst  Length 

Cooling  Time  (Seconds) 

(Gun  Rounds) 

In-Flight 

Ground  Simulation 

150 

45 

90 

150 

45 

90 

150 

45 

90 

150 

180 

480 

150 

45 

90 

150 

45 

90 

150 

Long  Cool 

Long  Cool 

Table  5 

Design  Verification  Tests  of  Improved  Barrels 


Gun  Rounds  Fired  Estimated  Life* 

(Gun  Rounds) 


Set  1 

Fired  with  Combat  Ammo 


Current  Barrel 

Improved  Barrel  with  20  Lands 
Improved  Barrel  with  22  Lands 


23,368 

12,000  to  15,000 

34,753 

18,000  to  23,000 

34,753 

20,000  to  25,000 

Set  2 


Fired  with  TP  Ammo 
Current  Barrel 

Improved  Barrel  with  20  Lands 
Improved  Barrel  with  22  Lands 


24,200 

12,000  to  15,000 

35,512 

18,000  to  23,000 

35,512 

20,000  to  25,000 

*  Estimated  life  is  based  on  67Vo  projectile  spin  required  to  stabilize  HEI  rounds 
fired  from  a  350  knot  aircraft  with  a  -65°F  Ambient  Temperature. 
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Table  6 

Comparison  of  Optimized  Barrel  Design  with  Standard  Design 


Feature 

Standard 

Barrel 

Dwg.  No. 

Optimized  Barrel 
Dwg.  No.  211F954 

Benefit 

Of  Change 

Number  of  Lands 

20 

22 

Full  spin  with  greater  erosion 

Chrome  Thickness 
on  Lands 

.004”  Minimum 

.009”  ±  .002” 

Longer  chrome  plate 
retention  and  less  land 
swaging 

Rifling 

9.9°  Constant 
Twist 

6  to  9.9°  Gain 
Twist 

Reduced  body  engraving  of 
API  projectiles 

Relief  for  Projectile 

1.192  ±  .002 

1.186  ±  .001 

Reduced  blowby  and  lower 
potential  for  windscreen 
losses  in  a  hot,  worn  barrel. 

Chrome  Plating 

Per  QQ-C-320 

Per  Spec  A10357 

Improve  control  of  chrome 
plate  process 
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Figure  2.  Burst  Fire  Testing  Used  to  Determine  Barrel  Life. 
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Figure  3.  Effect  of  Burst  Length  on  Life  of 
GAU-8/A  Barrels. 


Figure  5.  Clearance  Between  Projectile  and  Bore 
Vs.  Rounds  Fired  in  a  Continuous  Burst. 


Figure  4.  Severe  Projectile  Yaw  Caused  by  Body 
Engraving.  25  Feet  from  Muzzle,  •65°F  Ammunition, 
1000°F  Barrel 


Figure  6.  Effect  of  Clearance  Between  the  PrO' 
jectile  and  the  Bore  on  Projectile  Yaw  After  Exit. 
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Figure  7.  Total  Yaw  Vs.  Range 


Figure  9.  Gain  Twist  Designs  Which  Were 
Tested. 


Figure  8.  Effect  of  Yaw  of  a  Fully  Spun  API 
Round  on  Target  Velocity. 


Figure  10.  First  Complement  of  API  Fired  on  Set 
1  at  Eglin. 
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Figure  11.  First  Complement  of  HEI  Fired  on  Set 
1  at  Eglin. 


Figure  12,  First  Complement  of  TP  Fired  in  Set  2 
at  Eglin. 
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Figure  13.  Barrel  201F158  S/N 1004772  (Standard)  Firing  History  23,368  Rounds  with  TAC  Firing 
Schedule. 
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%  OF  FULL  SPIN 
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STILL  AIR.  70“ F 
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Figure  14.  Barrel  211F954.2 
Firing  Schedule. 


S/N 1000001  Improved— 20  Lands  Firing  History 


34,753  Rounds  with  TAG 
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%  OF  FULL  SPIN 


Figure  15.  Barrel  211F954-1  S/NlOOOOOl  Improved— 22  Lands  Firing  History  34,753  Rounds  with  TAC 
Firing  Schedule. 


Figure  16.  Projectile  Windscreen  Loss  When 
Fired  From  a  .014”  Oversized  Barrel.  (6  of  29 
Honeywell  Projectiles  Fired  Lost  Windscreens). 
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EVALUATION  OF  DIFFUSION  COATINGS  ON  GUN  BARREL  MATERIALS 


G,  R.  Lakshminarayanan  and  W.  T,  Ebihara 
Materials  and  Manufacturing  Technology  Division 
Fire  Control  and  Small  Caliber  Weapon  Systems  Laboratory 
US  Army  Armament  Research  and  Development  Command 
Dover,  New  Jersey  07801 


ABSTRACT 


In  this  program  erosion  resistance  characteristics  of  candidate  gun  barrel 
materials  have  been  evaluated.  Both  chromized  coating  and  chromium  plating  have 
been  applied  to  these  materials  and  tested  with  a  double  base  WC846  propellant  in 
an  erosion  test  apparatus.  The  results  show  that  chromized  coatings  improved 
erosion  resistance  of  nickel  base  alloy  Inconel  718,  while  chromium  plating  pro¬ 
vided  better  protection  than  the  chromized  coating  for  an  iron  base  alloy,  CG-27; 
hot  work  tool  steel,  H-11;  and  chromium-molybdenum-vanadium  (Cr-Mo-V)  gun  steel. 

INTRODUCTION 

Since  gun  tube  wear  and  erosion  continue  to  be  the  concern  of  weapon 
technologists,  methods  are  constantly  being  sought  to  improve  gun  tube  service  life 
by  utilizing  improved  materials  and  applying  suitable  coatings  which  provide 
effective  erosion-resistant  surfaces.  To  date, chromium  plating  is  the  method  most 
widely  used  both  in  large  and  small  caliber  gun  barrels  to  combat  erosion  because 
it  is  a  cost  effective  method  and  chromium  has  many  favorable  properties  such  as 
a  high  melting  point  (1930°  C) ,  high  hardness,  low  coefficient  of  friction,  and 
resistance  to  thermal  and  chemical  attack  by  propellant  gases. 

With  the  increasing  demands  for  high  muzzle  velocity  and  rapid  rate  firing 
weapon  systems  and  the  need  to  replace  liners  made  from  cobalt,  a  critical  stra¬ 
tegic  material,  weapon  technologists  visualize  improved  coating  systems  as  a 
solution  to  the  problem  of  providing  gun  tubes  with  the  required  level  of  per- 
formance.  Work  at  Rock  Island  Arsenall  on  heat-resistant  superalloys  and  H-11,  a 
hotwrkedtool  steel,  showed  considerable  promise  in  combating  erosion  problems  for 
small  caliber  weapon  systems.  For  example,  using  CG-27  in  the  25mm  Bushmaster  gun 
system  resulted  in  a  considerable  increase  in  barrel  service  life  over  steel  gun 
tubes.  The  work  also  indicated  that  breech-end  erosion  resistance  in  superalloy 
7.62  mm  systems  had  definitely  improved  over  chromium-plated  steel,  but  that 
muzzle-end  erosion  was  still  a  problem  in  need  of  resolution.  Chromium  plating  o 
superalloy  material  did  not  improve  the  situation  because  of  its  poor  adhesion  to 
the  base  metal.  However,  it  was  expected  that  diffusion  coating  will  generally 
improve  adhesion  to  these  superalloy  materials  because  the  coating  becomes  an 
integral  part  of  the  base  material.  Diffusion  coating  (chromizing)  is  usually 
applied  by  a  chemical-vapor-deposltion  technique  using  a  gaseous-flow  or  static 
pack  (cemetation)  process.  In  this  program,  the  chromizing  technique,  a  process 
in  which  a  chromium  rich  surface  is  developed,  was  applied  to  various  gun  barrel 
materials  and  evaluated  for  their  erosion-resistant  characteristics  in  a 

simulated  gun  barrel  environment. 


IV- 269 


EXPERIMENTAL  PROCEDURE 


The  candidate  materials  selected  for  this  study  were:  an  iron-nickel  base 
alloy  (CG-27);  a  nickel-base  alloy  (Inconel  718);  medium  strength  AISI  H-11  steel, 
and  Chromium-Molybdenum-Vanadium  (Cr-Mo-V)  gun  steel.  Chromized  coatings  for  the 
erosion  test  specimens  were  provided  by  the  Chromalloy  Corporation  located  at 
Orangeburgh,  NY,  These  were  treated  in  the  temperature  range  of  925  to  1094^0 
(1700  to  2000^F)  for  20  to  70  hours.  The  samples  were  post-heat  treated  according 
to  the  requirements  with  cooling  taking  place  in  a  vacuum  or  argon  atmosphere 
rather  than  air  to  prevent  oxidation. Erosion  tests  were  conducted  using  a 
closed  bomb  type  apparatus ^  where  a  simulated  gun-type  environment  was  obtained  by 
firing  the  double  base  WC846  ball  propellant  which  has  a  flame  temperature  of  about 
2587®C  (2860^K),  Metallographic  analyses  were  performed  using  these  samples  both 
prior  to  and  after  testing. 


RESULTS  AND  DISCUSSION 

Photomicrographs  of  chromized  coatings  of  Inconel  718,  CG-27,  H-11,  and  Cr- 
Mo-V  steel  are  shown  in  figure  1,  The  maximum  concentration  Increases  of  chromium 
(percent  by  weight)  near  the  surface  for  various  samples  by  electron  mlcroproble 
analyses  are  as  follows:  from  19  to  38.7  percent  for  Inconel  718,  from  13  to  50,6 
percent  for  CG-27,  from  5  to  84,1  percent  for  H-11  and  from  about  1  to  70,6  percent 
for  Cr-Mo-V  steel.  Chromizing^  generally  takes  place,  for  iron  base  systems,  both 
by  interchange  reactions  of  iron  and  chromium  and  reduction  reactions  of  chromium 
halides,  while,  for  the  nickel  base  system,  it  occurs  only  be  reduction  reactions. 
The  very  high  chromium  concentration  near  the  surface,  particularly  for  the  H-11 
and  Cr-Mo-V  samples  was  mainly  due  to  the  formation  of  chromium  carbide  (during 
the  chromizing  process)  which  acts  as  a  barrier  for  further  chromium  diffusion  into 
the  core  of  the  substrate,  thus  allowing  the  build  up  of  a  higher  chromium  concen¬ 
tration  at  the  surface.  In  the  case  of  nickel-rich  Inconel  718,  where  mutual  solid 
solubility  of  chromium/nlckel  exists,  a  smooth  chromium  concentration  gradient  is 
established  through  the  surface  region  which  is  governed  by  diffusion  kinetics  at 
the  treatment  temperature.  The  observed  diffusion  zones  (Figure  1)  confirm  this 
rationale.  Figure  1  shows  a  primary  coating  depth  of  0,005mm  (0.2  mil)  with  up  to 
a  0.05  mm  (2.0  mil)  total  diffusion  zone  for  Inconel  718  and  a  primary  coating  of 
0.038  mm  (1.5  mil)  with  about  0.013  mm  (0.5  mil)  diffusion  zone  for  CG-27.  A 
total  diffusion  zone  of  0.038  mm  (1.5  mil)  for  Cr-Mo-V  and  0.019  mm  (0.75  mil) 
primary  coating  with  about  0.011  mm  (0.4  mil)  diffusion  zone  for  H-11  are  seen  in 
figure  1. 

The  results  of  erosion  test  analysis  are  summarized  in  table  1  for  chromized 
samples,  uncoated  samples  and  chromium-plated  samples.  Erosion  or  erosivlty  is 
represented  as  the  weight  loss  of  material  per  shot  during  firing.  As  seen  in 
table  1,  erosivlty  is  reduced  for  Inconel  718  from  50,3  mg  for  the  uncoated 
specimens  to  25,9  mg  for  the  chromium  plated  specimens;  and  further  reduced  to  the 
0.9  to  4.2  mg  range  for  specimens  with  the  chromized  coating.  Poor  adhesion  of 
chromium  plate  to  Inconel  718  is  mainly  responsible  for  the  loss  of  chromium  plate 
and  reduced  erosion  resistance.  For  CG-27  specimens,  erosivlty  is  reduced  from 
12.7  mg  for  the  uncoated  sample  to  the  1,2  to  5,0  mg  range  for  chromized  samples 
and  reduced  to  the  1.2  to  1,7  mg  range  for  chromium  plated  samples.  However,  for 
both  H-11  and  Cr-Mo-V  materials  chromizing  resulted  in  an  increase  in  the  loss  of 


IV-270 


material.  Erosivity  ranged  from  2.2  to  3.7  mg  for  the  chromized  samples  compared 
to  1.6  mg  for  uncoated  H-11.  Similarly,  erositivity  ranged  from  1.7  to  6.0  mg  for 
the  chromized  samples  compared  to  1.3  mg  with  uncoated  Cr-Mo-V  steel.  However, 
chromium  plating  these  samples  provides  the  best  protection.  No  measurable  weight 
loss  was  observed  for  the  chrome  plated  H-ll  samples  and  only  0.8  mg  loss  per  shot 
was  observed  for  chrome  plated  Cr-Mo-V  steel.  In  fact, the  chrome  plated  H~ll 
samples  are  better  than  even  Cr-Mo-V  steel.  The  results  agree  favorably  with  those 
observed  in  actual  test  firing  results^  of  M134,  H-11,  and  Cr-Mo-V  (7.62  mm) 
barrels  where  the  service  life  of  the  chrome  plated  H-11  barrel  was  nearly  doubled 
when  compared  with  that  of  the  chrome  plated  Cr-Mo-V  barrel. 

Table  I 


EROSION  RESULTS  OF  VARIOUS  COATING/MATERIAL  COMBINATIONS 


Coating 

Erosivity  (mg/shot)* 

Material 

No  Coating 

CR  Plate 

Chromized 

Inconel  718 

50.3 

25.9 

4.2  -  0.9 

CG-27 

12.7 

1.2  -  1.7 

1.2  -  5.0 

H-11 

1.6 

0 

2.2  -  3.7 

CR-MO-V 

1.3 

0.8 

1.7  -  6.0 

*Ball  powder  WC846  propellant;  results  are  the  average  of  up  to  six 
inserts  and  3  shoots  per  insert. 

The  photomicrographs  of  test  fired  samples  are  shown  in  figures  2  through  4. 

For  Inconel  718  (figure  2)  the  chromized  sample,  after  the  test  exhibited  a  strong 
diffusion  zone  with  a  thin  coating  while  the  chrome  plated  sample  shows  very  little 
coating,  if  any,  indicating  poor  adhesion  of  chrome  plate  to  the  substrate  mater iaL 
For  CG-27  (figure  3)j  the  chromium  plate  is  still  intact  with  only  cracks  appearing 
while  loss  of  material  is  indicated  for  the  chromized  sample  after  test  firing. 
Figure  4  represents  typical  chrome  plated  and  chromized  samples  of  H-11  and  Cr-Mo-V 
samples  after  erosion  test.  In  both  cases  it  can  be  seen  that  only  cracks  appear 
in  the  chrome  plated  samples  after  testing,  while  the  chromized  samples  show  loss 
of  material  and  severe  erosion.  This  result  might  be  attributed  to  the  brittle 
chromium  carbide  formed  at  the  surface  layer  and  its  subsequent  removal  during  the 
erosion  test. 

The  erosion  test  analyses  indicated  that  chromized  coatings  decreased  the 
erosivity  of  Inconel  718  considerably.  However,  chromium  plating  provided  better 
protection  for  CG-27,  H-11  and  Cr-Mo-V  steel  than  chromized  coating.  It  must  be 
pointed  out  that  erosion  tests  in  an  enclosed  chamber  of  this  type  is  much  different 
than  the  situation  that  is  developed  in  an  actual  test  firing  of  a  gun  tube.  The 
duration  of  each  single  thermal  pulse, or  shot, was  much  longer  than  encountered  in 
gun  tests.  The  effects  of  wear  and  swaging  introduced  by  a  projectile  in  agun  test 
were  absent  in  the  erosion  test.  In  view  of  these  and  other  factors,  it  is  rec¬ 
ognized  that  the  erosion  test  analyses  provide  qualitative  information  on  the 
performance  and  endurance  of  coatings  in  a  high-temperature  propellant  gas  stream. 
Application  of  chromized  coating  on  Inconel  718  and  CG-27  liners  and  their 
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evaluation  for  uniformity,  dimensional  variation  and  test  firing  of  the  liners 
would  provide  additional  information  on  the  integrity  of  the  coating. 

CONCLUSIONS 

1.  Chromizing  of  gun  barrel  materials  provide  chromium  concentrations  of  fifty 
percent  or  less  at  the  surface  for  CG-27  and  Inconel  718,  a  chromium  rich  sur¬ 
face  of  up  to  eighty-four  percent  for  H-11,  and  up  to  seventy  percent  for  Cr-Mo-V 
steel. 

2.  Chromizing  Inconel  718  reduced  erosivity  considerably  compared  to  uncoated  or 
chromium  plated  samples.  Chromizing  also  reduced  the  erosivity  of  CG-27  compared 
to  the  uncoated  sample.  However,  chromium  plating  of  CG-27  provide  better  pro¬ 
tection  than  chromized  coating. 

3.  Chromium  plating  is  more  erosion-resistant  for  both  H-11  and  Cr-Mo-V  steel 
than  chromizing. 
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Figure  2.  Photomicrographs  of  Inconel  718  after  erosion  test  with  WC846  ball 
propellant  (a)  chromized  and  (b)  chromium  plated  samples 
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Figure  3 


(b) 


Photomicrographs  of  CG-27  after  erosion  test  with  WC846  ball 
propellant  (a)  chromium  plated  and  (b)  chromized  samples 
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Figure  4.  Photomicrographs  of  samples  after  erosion  test  with  WC846  ball 

propellant  (a)  chromium  plated  H-11  (b)  chromized  H-11  (c)  chromium 
plated  Cr-Mo-V  gun  steel  and  (d)  chromized  Cr-Mo-V  gun  steel. 
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ABSTRACT 

The  useful  life  of  various  gun  tubes  is  increased  by  protecting  the  internal 
gun  tube  surface  with  elect rodepo sited  chromium.  The  properties  of  refractory 
metals  such  as  tantalum,  molybdenum,  niobium,  and  tungsten  indicate  that  these 
materials  should  exhibit  superior  resistance  to  erosion  processes  which  occur  at  gun 
tube  surfaces.  In  this  paper  the  results  of  a  study  of  the  application  of  high  rate 
sputtering  to  the  preparation  of  tantalum  coated  gun  steel  surfaces  is  presented. 

The  sputtering  conditions  required  to  obtain  tantalum  coatings  about  125  micrometers 
thick  on  flat  surfaces,  are  discussed  and  physical  properties  of  the  tantalum 
deposits  such  as  hardness,  microstructure,  crystal  structure,  and  composition  are 
presented.  Results  from  similar  studies  carried  out  on  ^ooth  bore  120  mm  diameter 
cylinders  and  rifled  20  mm  diameter  cylinders  are  also  discussed. 

INTRODUCTION 

As  the  demands  for  Improved  performance  of  modern  gun  systems  escalate,  it 
becomes  increasingly  necessary  that  the  bore  surface  of  gun  tubes  be  protected  from 
erosion.  At  the  present  time  the  useful  life  of  several  weapon  systems  has  been 
increased  by  protecting  the  gun  barrel  surface  with  electrodeposited  chromium.  The 
properties  of  refractory  metals  such  as  tantalum,  molybdenum,  niobium,  and  tungsten 
indicate  that  these  materials  should  exhibit  superior  resistance  to  the  erosion 
processes  which  occur  at  gun  tube  surfaces. ^  The  results  of  a  recent  testing 
program^  clearly  show  that  the  average  erosion  rate  for  tantalum  coated  steel  liners 
test  fired  in  a  20  mm  gun  is  substantially  less  than  the  erosion  rate  of  all  other 
tested  liners  including  chromium  coated  liners.  The  technique  used  to  coat  the  20 
mm  liners  with  tantalum,  electrodeposition  from  molten  salts,  involves  beating  the 
substrate  to  about  800° C.  At  this  temperature  gun  steel  undergoes  undesirable 
changes  in  mechanical  properties.  To  avoid  degradation  of  the  gun  tube  mechanical 
properties,  tantalum  coatings  are  applied  to  liners  which  are  shrunk  fit  into  the 
breech  end  of  the  gun  tube.  This  last  step  in  the  process  could  be  eliminated  it 
the  protective  coating  could  be  applied  directly  to  the  gun  tube  surface  at 
temperatures  less  than  about  500°C.  High  rate  sputtering  is  a  technique  which  can 
be  used  to  deposit  thick  metallic  coatings  in  reasonable  time  intervals  at  substrate 
temperatures  significantly  below  500® C. 


Distribution  limited  to  US  Government  Agencies  only  because  of  test  and  evaluation; 
September  1982.  Other  requests  for  this  document  must  be  referred  to  Commander, 
ARRADCOM,  ATTN:  Benet  Weapons  Laboratory,  DRDAR-LCB-RP ,  Watervliet,  NY  12189. 
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In  this  paper  the  results  of  a  study  of  the  application  of  high  rate  sputtering 
to  the  preparation  of  tantalum  coated  gun  steel  surfaces  is  presented.  The 
sputtering  conditions  required  to  obtain  tantalum  coatings  about  125  micrometers 
thick  on  flat  surfaces  are  be  discussed  and  physical  properties  of  the  tantalum 
deposits  such  as  hardness,  microstructure,  crystal  structure,  and  composition  are 
presented.  Results  from  similar  studies  carried  out  on  smooth  bore  120  mm  i.d.  and 
rifled  20  mm  i.d.  cylinders  are  also  presented. 

EXPERIMENTAL 

A  schematic  diagram  of  the  Battelle  Pacific  Northwest  Laboratories 
thermionically  supported  glow  discharge  sputtering  apparatus  used  to  deposit 
tantalum  on  the  face  of  disc  shaped  specimens  is  shown  in  Figure  1.^  The  stainless 
steel,  water  cooled  sputtering  chamber  is  evacuated  to  an  unbaked  base  pressure  of 
about  10*“^  torr  (1.3xl0~^  Pa)  with  a  liquid  nitrogen  trapped  oil  diffusion  pump. 
Prior  to  each  run  the  surfaces  of  all  system  components  contained  within  the  vacuum 
chamber  are  carefully  degreased  and  cleaned.  After  assembly  the  system  is  pumped  to 
its  base  pressure,  helium  leak  checked,  and  the  system  outgassing  rate  is  measured. 
When  the  outgassing  rate  is  sufficiently  small,  a  leak  of  99.99  percent  krypton  is 
established  to  produce  a  dynamic  vacuum  at  an  automatically  controlled  pressure  of 
about  3x10*“^  torr  (0.4  Pa).  The  composition  of  the  atmosphere  in  the  sputtering 
chamber  is  continually  monitored  with  a  residual  gas  analyzer. 

Both  the  pure  tantalum  target  and  the  steel  substrates  are  water  cooled.  The 
substrate  temperature  is  monitored  with  a  thermocouple  which  penetrates  the  rear 
surface  of  the  2.54  cm  diameter  by  0.62  cm  thick  disc  shaped  specimen  and  is 
embedded  in  close  proximity  to  the  surface  being  coated.  The  cooling  water  flow 
rate  to  the  substrate  holder  is  adjusted  to  provide  temperatures  ranging  from  70® C 
to  450® C.  The  substrates,  which  had  been  lapped  through  No.  600  paper,  are  ion 
etched  before  tantalum  deposition  is  initiated.  The  effect  of  electrical  bias  on 
the  deposits  was  determined  by  producing  coatings  at  bias  voltages  of  -35  volts 
(floating)  and  -50  volts. 

A  schematic  diagram  of  the  apparatus  used  to  coat  the  internal  surfaces  of 
cylinders  is  presented  in  Figure  2.  In  this  configuration  the  tantalum  target,  the 
steel  substrate,  and  the  close  fitting  water  cooled  copper  thermostat  are  coaxial. 
The  substrate  temperature  is  monitored  with  a  thermocouple  embedded  in  or  in 
intimate  contact  with  the  exterior  surface  of  the  cylindrical  substrate.  Substrate 
temperature  is  controlled  by  adjusting  the  cooling  water  flow  to  the  copper 
thermostat.  The  two  substrate  configurations  used  with  this  apparatus  were  a  smooth 
bore  120  ram  i.d.  by  200  ram  long  cylinder  and  a  rifled  20  ram  i.d.  by  100  mm  long 
barrel  Insert.  The  internal  diameter  of  the  20  mm  insert  had  been  increased  by 
electropolishing  to  compensate  for  the  addition  of  the  0.127  mm  thick  tantalum 
deposit.  The  120  ram  diameter  cylinder  was  machined  from  a  section  of  a  105  mm  gun 
tube. 


The  apparatus  is  operated  using  essentially  the  same  procedure  used  to  prepare 
the  planar  specimens.  The  cylindrical  substrates  were  vapor  degreased  and  cleaned 
ultrasonically.  In  addition  to  routine  cleaning  procedures,  it  was  found  necessary 
to  subject  the  120  ram  cylinders  to  an  overnight  vacuum  bake  at  about  500® C.  When 
the  120  ram  cylinders  were  not  baked,  the  residual  gas  analyzer  indicated  the 
presence  of  high  hydrogen  concentration  in  the  sputtering  chamber. 
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SCHEMATIC  DIAGRAM  OF  TRIODE  SPUTTERING  APPARATUS 
FOR  COATING  PLANAR  SUBSTRATES 
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Data  on  the  structure  of  both  the  tantalum  deposits  and  the  gun  steel 
substrates  were  obtained  using  x-ray  dlffractometry ,  optical  microscopy,  and 
scanning  electron  microscopy.  Chemical  composition  of  the  deposits  was  Investigated 
using  x-ray  fluorescence  and  electron  microprobe  analyses. 

The  microhardness  of  the  growth  surfaces  and  transverse  sections  was  measured 
using  both  diamond  pyramid  and  Rnoop  Indentors.  The  microhardness  of  the  tempered 
martensitic  gun  steel  was  determined  using  a  Knoop  Indentor  only. 

Adhesion  of  the  tantalum  to  the  gun  steel  was  evaluated  using  a  recently 
developed  technique^  for  classifying  the  degree  of  adhesion  between  electrodeposlted 
chromium  and  a  variety  of  alloy  substrates.  In  this  technique  a  carbide  tool  moving 
at  a  speed  of  75.  cm/ sec  Is  used  to  cut  a  series  of  parallel  grooves  Into  a  specimen 
surface.  Experience  with  the  technique  has  shown  that  reproducible  results  are 
obtained  when  the  grooves  are  cut  with  a  spacing  of  1  mm  with  a  depth  that  extends 
175  micrometers  below  the  coating-substrate  Interface.  The  adhesion,  as  determined 
by  optical  microscopy.  Is  rated  as  excellent,  good,  poor,  or  nil  depending  on  the 
presence  and/or  location  of  fracture  surfaces. 

RESULTS  AND  DISCUSSION 


PLANAR  SUBSTRATES 

The  experimental  data  for  high  rate  sputtering  of  tantalum  onto  the  surface  of 
disc  shaped  specimens  are  presented  In  Table  I.  The  data  are  not  sufficiently 
complete  to  establish  a  precise  relationship  between  hardness  and  either  substrate 
bias  or  temperature.  The  tantalum  deposited  onto  substrate  two  Is  much  thinner  than 
all  the  other  deposits.  If  the  hardness  data  for  specimen  two  are  not  considered 
then  the  hardness  of  tantalum  deposited  at  a  substrate  bias  of  -50  volts  Is 
Independent  of  substrate  temperature,  increasing  by  5  DPH500  units  as  the  substrate 
temperature  is  increased  from  69®C  to  350“C.  The  decrease  in  hardness  in  going  from 
substrate  condition  of  -50  volts  and  350“C  to  -35  volts  (floating)  and  450  C,  then 
indicates  that  deposit  hardness  is  more  dependent  on  substrate  bias  than  on 
substrate  temperature.  Regardless  of  the  details  of  the  relationship  between 
deposit  hardness  and  operating  parameters,  the  data  show  that  both  growth  surface 
and  transverse  section  hardnesses  (which  have  ranges  of  387  to  446  DPH500  aud  380  to 
413  KHN50  respectively)  are  relatively  insensitive  to  substrate  bias  and  substrate 
temperature. 

A  photomicrograph  of  tantalum  deposited  at  69°C  and  -50  volts  bias  is  shown  in 
Figure  3.  In  addition  to  the  expected  body  centered  cubic  phase  of  tantalum  the 
deposit  contains  a  second  phase  which  has  been  tentatively  identified  with  x-ray 
dlffractometry  as  the  metastable  tetragonal  beta  tantalum  phase,  ^le  existence  of 
this  phase  has  been  well  documented  in  the  thin  film  literature,  > 

As  shown  in  Figure  4,  the  beta  phase  is  present  at  the  tantalum-steel  interface 
in  deposits  prepared  at  450®C  and  -35  volts  (floating).  Both  Figures  3  and  4  show 
that  there  is  intimate  contact  between  the  coating  and  the  substrate  and  that  there 
is  no  discernible  interfacial  reaction  layer  formed  during  sputtering. 
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An  additional  tantalum  deposit,  the  data  for  which  is  not  included  in  Table  I. 
was  prepared  under  inadequately  defined  conditions,  ^rlng  the  run 
in  the  sputtering  chamber  shorted  the  specimen  to  a  shield.  As  a  result  of  t  e 
shorter  thrsScimen  bias  changed  from  -50  volts  to  -35  volts  (floating  while  the 
substrate  temperature  remained  at  70»C.  Metallographic  examination  of  this  specimen 
showed  the  deposit  to  be  a  reflecting  deposit  with  a  microhardness  of  about  1200 
Wide  film  Debye-Scherrer  diffraction  patterns  of  this  deposit  showed  the 
r^r^aium  to  be  almos/pure  (>  95  percent)  beta-tantalum.  A  more  detailed  discussion 
of  the  formation  of  beta-tantalum  is  in  preparation. 

X-ray  fluorescence  analysis  and  electron  microprobe  analysis  of  the  body- 
centered-cubic  and  the  beta  phases  of  tantalum  did  not  indicate  the  presence  of 
either  interstitial  or  substitutional  Impurity  elements.  If  foreign  elements  are 
nr«.«5Pnf  in  either  of  the  phases,  their  concentrations  are  less  than  ten  to  one 
hundred  parts  per  million  by  weight  for  all  elements  except  hydrogen  (which  has  not 
been  analyzed  for),  carbon,  nitrogen,  and  oxygen  which  cannot  be  present  in 
concentrations  greater  than  about  five  to  ten  atom  percent. 

CYLINDRICAL  SUBSTRATES 

The  results  from  the  experiments  with  planar  substrates  were  «sed  to  select 
deposition  parameters  for  coating  the  bore  surface  of  the  120  mm  cylinders, 
minimize  the  possibility  of  beta  phase  formation  the 

strate  bias  of  -51  volts  and  a  substrate  temperature  of  370  C.  A  photograph  ot  tne 
coated  cylinder  showing  the  smooth  and  essentially  defect  free  deposit 
Figure  5.  Longitudinal  and  radial  sections  were  removed  from  the  cylinder  and 
prepared  for  metallographic  examination.  A  photomicrograph  showing  both  the 
tirtalum  deposit  and'the  steel  substrate  is  presented  in  Figure  6, 

been  etched  to  show  the  microstructure  of  the  steel  substrat^  The  steel  substrate 

retains  the  original  tempered  martensite  of  the  gun  steel.  The  microhardness  of  the 

tantalum  deposit  was  determined  to  be  about  460  KHN50  and  the  steel 

about  425  KHN50  (unchanged  from  the  hardness  of  the  uncoated  steel).  The  ^tallo 

graphic  samples  were  also  used  to  determine  longitudinal  and  radial  ^ 

coating  thickness.  The  thickness  of  the  tantalum  deposit 

tion  varied  from  a  low  of  76  to  a  high  of  180  micrometers. 

deposit  in  a  12  cm  long  central  portion  of  the  cylinder  varied  from  ^o  140 
milometers.  Similar  measurements  in  the  radial  direction  showed  a  variation  in 
thickness  of  less  than  25  micrometers.  These  variations  in  coating 
reduced  by  careful  design  and  positioning  of  the  target  relative  to  the  substrate. 

The  photomicrograph  in  Figure  6  of  a  section  from  the  120  rm 
shows  the  presence  of  beta  tantalum  at  the  tantalum-steel  interface.  The  SEM  image 
of  a  tanLLm  fracture  surface  presented  in  Figure  7  shows  that  the  beta  tantalum 
fractures  in  a  brittle  manner  thus  indicating  that  the  tantalum  may  show  poor 
adherence  to  the  steel  substrate. 

Figure  8  shows  two  of  ten  adherence  test  tracks  cut  into  samples  removed  from 
the  120  ram  cylinder.  The  absence  of  cracks  in  the  coating  and  of  spalling  o*  Jhe 
coating  from  the  substrate  establishes  the  excellent  quality  of  the  tantalum-steel 

adherence. 
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TABLE  I.  SUMMARY  OF  DATA  FOR  HIGH  RATE  SPUTTERING  OF  Ta  ONTO  PLANAR  STEEL  SUBSTRATES 
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Fig.  5.  Smooth  bore  120  ram  x  200  ram  cylinder  coated  with  0.015  era  thick  Ta 


Fig.  6.  Photomicrograph  of  Ta  coated  gun  steel  etched  to  show  unaffected 
steel  microstructure.  (200X). 
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Fig.  8 


Fig.  7.  JEM  image  of  Ta  fracture  surface. 


(750X). 


.  Test  for  adherence  of  sputtered  tantalum  to  bore  of  120  ram  substrate. 
(30X). 
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The  ability  of  the  sputtering  processes  to  successfully  coat  a  rifled  surface 
was  evaluated  with  rifled  20  mm  barrel  inserts.  A  photomicrograph  of  a  ^c^ion  from 
a  tantalum  coated  rifled  insert  is  shown  in  Figure  9.  The  tantalum  is  about  76 
micrometers  thick  on  the  lands  and  in  the  grooves  and  has  a  minimum  thickness  on  the 
vertical  land  faces  of  46  micrometers.  The  tantalum  deposit,  which  was  prepared  at 
Isubstrate  bias  of  -50  volts  and  a  temperature  of  405»C  had  a  hardness  of  about  450 
KHN50  and  contained  the  beta  phase. 


Fig.  9.  Photomicrograph  of  sputtered  Ta  coating  on  rifled  20  mm  insert.  (50X). 


CONCLUSIONS 


1.  The  microhardness  of  sputtered  tantalum  is  relatively  insensitive  to 
substrate  temperatures  from  70°  to  450°C  and  to  substrate  bias  of  -35  volts 
(floating)  to  -50  volts. 

2.  The  beta  phase  of  tantalum,  which  previously  has  only  been  observed  in  thin 
(<  5OOOA)  films,  can  be  produced  in  bulk  quantities. 

3.  The  hivh  rate  sputtering  process  can  be  used  to  produce  adherent,  defect 
free  and  relatively  uniformly  thick  tantalum  coatings  on  smooth  bore  120  ram  i.d. 
cylinders . 

4.  The  high  rate  sputtering  process  coats  all  the  surfaces,  including  the 
vertical  land  faces,  of  rifled  20  ram  liners. 
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A  NEW  CONCEPT  FOR  DEPOSITION  OF  CHROME  COATINGS  IN  TUBES 


A.  Niiler,  W.F.  Henshawt  and  J.  R.  White 
ARRAOCOM/Balllistic  Research  Laboratory 
Aberdeen  Proving  Ground,  MD  21005 


ABSTRACT 

Improved  protection  of  bore  surfaces  against  erosion  is  a  major  Army  concern  for 
modern,  high  performance  gun  tubes.  High  temperature  materials  such  as  chrome  have 
been  strongly  bonded  to  tubes  by  ion  plating  and  have  high  potential  for  providing 

improved  erosion  protection.  A  metal  vapor  source  capable  of  vaporizing  chromium 

and  operating  in  the  cylindrical  confines  of  the  inside  of  a  tube  has  been  ^®signe 
and  built.  This  device  consists  of  a  multiply  shielded,  water 

discharge  (HCD)  gun  made  of  tantalum  tubing  and  loaded  with  Cr  pellets.  The  hig 
temperature  generated  within  the  HCD  vaporizes  the  Cr  and  the  Argon  gas  f  ow  ng 
through  the  HCD  carries  these  vapors  through  an  end  constriction  into  the  plating 
region.  The  tube  to  be  plated,  positioned  concentrically  about  the  cathode,  is 
biLed  to  several  hundred  volts  and  is  swept  past  the  HCD  opening.  The  bias  on  the 

tube  is  necessary  to  produce  ion  plating  by  which  a  graded  interface  of  about  1  i/n 

thickness  is  produced  between  the  tube  and  coating.  This  interface  is  essentia 
the  established  strong  adhesion  properties  of  ion-plated  ^^^tings  to  substrates. 

This  HCD  source  has  been  used  to  ion-plate  smooth  and  rifled  tubes  with  1/d  > 

providing  uniform  Cr  coatings  at  a  rate  of  lOym  per  hour.  The  discussion  will 
include  a  description  and  operating  characteristics  of  this  HCD  gun,  the  parameters 
found  to  produce  the  coatings  and  the  description  of  the  coating  characteristics. 


INTRODUCTION 

During  the  firing  of  a  gun,  the  high  temperature,  high  velocity  propellant  gases 
cause  a  melt  and  blow-off  condition  which  erodes  the  tube.  Improved  protection  of 
the  bore  surfaces  against  such  erosion  is  a  major  challenge  in  the  design  of  modern, 
high-performance  gun  tubes.  It  has  been  found  that  a  high  melting  temperature 
coating  can  reduce  the  wear  rate  considerably.  HC  chrome  deposited  in  the 

gun  tuL  by  electro-deposition  (ED)  will  extend  the  gun  tube  life  but  also  will  fail 
Snpredictably  and  catastrophically,  often  resulting  in  the  tube  being  more  damaged 

than  an  uncoated  one^  LC  deposited  chrome  coatings,  on  the  other  hand,  have 

shown  substantial  improvement  in  protecting  20mm  barrels  • 

High  temperature  coatings  such  as  chromium  can  be  ion-plated  with  strong  bonding 
to  tubes  and  as  such  are  good  candidates  to  provide  erosion  protection  to  gun  tubes. 
Ion  plating  is  a  PVD  process  whereby  a  negative  voltage  is  applied  to  the  ooject 

being  coated  (substrate)  in  the  presence  of  a  working  gas  such  as  ,, 

negative  voltage  ionizes  the  working  gas,  causing  some  material  to  be  ? 

the  substrate  during  deposition.  Initially,  an  intermixing  of  the  deposition 
material  with  the  substrate  material  occurs,  but  later  the  deposition  material  mixes 

TliRC "Search  "Associate.  Present  address:Naval  Research  Lab,  Washington, D.C. 
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only  with  the  previously  deposited  material.  When  the  deposition  rate  is  greater 
than  the  sputtering  rate,  a  coating  is  produced  which  has  a  graded  film-si>bstrate 
interface  instead  of  the  sharp  interface  characteristic  of  other  plating  processes. 
The  graded  interface  is  typical  of  ion  plating  and  is  generally  thought  to  be 

instrumental  in  the  observed  excellent  adhesion  of  the  film  to  the  substrate^. 
Ion  plating  is  generally  done  at  pressures  where  the  mean  free  paths  of  ions  are 
small,  resulting  in  a  high  throwing  power.  Throwing  power,  the  ability  to  uniformly 
coat  surfaces  shadowed  from  the  vapor  source,  is  especially  important  when  coating  a 
surface  which  has  lands  and  grooves.  Therefore,  the  ion  plated  coating  with  its 
graded  interface  and  uniform  thickness  should  be  an  excellent  method  of  protecting 
gun  tubes  against  erosive  wear. 

Conventional  ion  plating  methods  work  well  when  coating  flat  or  outside  surfaces 
but  fail  when  attempting  uniform  coatings  on  the  inside  surfaces  of  tubes  having  a 
large  length  to  diameter  ratios.  Consequently,  a  high  current  hollow  cathode 
discharge  chromium  vapor  source  has  been  developed  to  allow  ion  plating  in  a 
cylindrical  geometry. 


EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

The  details  of  the  gas  fed  hollow  cathode  discharge  (HCD)  gun  are  shown  in 
figure  1  and  are  fully  described  in  references  5  and  6.  The  cathode  assembly 
consists  of  a  thin  walled  Ta  tube,  two  additional  concentric,  tubular  Ta  radiation 
shields  and  a  thick  walled  Cu  outer  shield,  all  coaxially  mounted  in  a  water-cooled 
holder.  In  these  experiments,  a  hollow  cathode  30  cm  in  length  was  used.  At  a 
given  gas  flow  rate,  cathode  diameter  (d),  and  pressure  (p),  a  pressure  gradient  is 
developed  along  the  tube.  The  cathode  wall  temperature  has  a  maximum  where  the 
condition  pd=constant  is  satisfied.  The  material  to  be  evaporated,  Cr  pellets,  are 
centered  at  the  position  of  this  maximum  temperature  for  the  gas  flow  rate  desired 
and  the  vapors  are  removed  from  the  cathode  through  atomic  collisions  with  the 
working  gas. 

The  experimental  set-up,  shown  in  figure  2,  consists  of  a  moveable  cylindrical 
substrate,  a  stationary  cathode  and  anode,  and  their  associated  power  supplies. 
After  the  discharge  is  started  with  a  high  voltage,  low  current  supply,  the 
temperature  rises,  causing  a  drop  in  the  cathode  voltage  and  a  low  voltage,  high 
current  (50Amp)  supply  takes  over.  Typical  operating  parameters  are:  a)  cathode  to 
anode  current  of  15  Amps,  b)  gas  flow  rate  of  4ml/min,  which  for  our  particular 
vacuum  system  results  in  a  pressure  of  20  millitorr,  and  c)  a  negative  substrate 
bias  of  250  Volts.  The  low  substrate  bias  of  250V  and  low  pressuree  of  20  millitorr 
are  major  points  of  departure  from  the  conditions  in  conventional  ion  plating.  Due 
to  the  shorter  mean  free  paths  at  operating  pressures  of  100  millitorr  in 
conventional  systems,  the  average  energy  of  the  atoms  striking  the  substrate  is 
approximately  five  percent  of  the  bias  voltage,  typically  several  kilovolts.  The 
average  energy  of  the  atoms  at  the  lower  pressures  used  in  this  experiment  is  closer 
to  the  bias  voltage  since  fewer  gas  collisions  occur  due  to  the  longer  mean  free 
path.  In  addition,  the  higher  pressures  in  conventional  ion-plating  geometries 
cause  some  of  the  atoms  sputtered  from  the  substrate  to  be  returned  to  it  through 
gas  collisions  to  form  the  graded  film-substrate  interface.  The  confined  nature  of 
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the  cylindrical  geometry,  however,  guarantees  a  high  probability  that  a  sputtered 
atom  returns  to  the  substrate  to  form  the  graded  interface  desired. 

Radiation  from  both  the  cathode  and  anode  is  the  major  source  of  heat  generated 
in  this  plating  process.  In  order  to  keep  this  radiation  from  raising  the  substrate 
temperature  above  the  austentite/martensite  transformation  temperature  of  about  600 
deg  C,  both  the  anode  and  cathode  were  water  cooled.  The  resulting  temperature 
profiles  in  the  substrate,  as  measured  by  embedded  thermocouples,  are  shown  in 
figure  3.  From  this  figure  it  can  be  seen  that  the  maximum  temperature  does  indeed 
stay  below  the  critical  value.  The  small  temperature  increase  from  15  to  80 
millitorr  pressures  was  the  result  of  increased  ion  current  heating  of  the 
substrate. 


RESULTS  AND  DISCUSSION 

A  series  of  experiments  was  conducted  to  determine  the  pressure  dependence  of 
various  parameters  using  the  HCD  vapor  source.  Plating  efficiency,  throwing  power 
and  substrate  power  were  measured  and  plating  uniformity  was  subjectively  evaluated. 

The  plating  efficiency  was  determined  by  measuring  the  film  thickness  and  mass 
of  Cr  evaporated.  The  ratio  of  the  film  thickness  to  the  mass  of  Cr  evaporated  was 
then  plotted  as  a  normalized  thickness.  The  throwing  power  was  determined  by  using 
a  20mm  by  40mm  microscope  cover-slide  facing  the  Cr  vapor  source.  After  being 
coated,  the  Cr  thicknesses  were  measured  on  the  front  and  rear  surfaces,  their  ratio 
being  reported  as  the  throwing  power.  As  would  be  expected,  the  Cr  coating  on  the 
rear  of  the  cover  glass  was  not  uniform  but  still  provided  information  about  the 
pressure  range  for  operation  of  the  vapor  source.  The  power  dissipated  in  the 
substrate  was  determined  from  the  measurement  of  the  ion  current  (I)  and  the 
substrate  bias  voltage  (V).  Since  the  ions  lose  some  energy  in  gas  collisions,  the 
substrate  bias  voltage  is  not  an  exact  measure  of  the  ion  energies.  Consequently, 
the  substrate  power  (IxV)  is  only  a  relative  measure  of  the  average  temperature  of 
the  substrate.  The  results  of  these  tests,  as  shown  in  figure  4,  indicate  that  the 
pressure  range  of  25  to  50  millitorr  was  best  for  ion  plating  with  the  HCD  vapor 
source.  These  pressures  are  approximately  a  factor  of  three  lower  than  are  normally 
used  in  planar  ion  plating  geometries. 

The  subjective  aspect  of  these  tests  was  performed  by  ion  plating  3/4"  xl4  TP  I 
brass  nuts  at  various  pressures.  The  plated  nuts  were  sectioned  and  a  visual 
appraisal  of  the  coatings  was  performed  whereby  plating  thickness  and  throwing  power 
were  noted.  These  evaluations  were  in  good  agreement  with  the  above,  more 
quantitative  measurements. 

Typical  plating  rates  of  1  ym/min  per  centimeter  of  tube  length  were  observed 
at  a  20  millitorr  pressure.  This  rate  decreased  at  higher  pressures  due  to 
increased  sputtering. 

The  ion  plated  chromium  films  were  characterized  by  Ion  Beam  Analysis  (IBA), 
electron  microscopy  and  a  number  of  subjective  tests. 
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Figure  2.  Schematic  of  the  Plating  Apparatus. 
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SUBSTRATE  TEMPERATURE  {®C) 


THERMOCOUPLE  POSITION 


Figure  3.  Substrate  Temperature  Profile  with  Cathode-Anode 
Cooling. 
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Working  Gas  Pressure  Effects 


IBA  has  been  found  very  useful  in  depth  profiling  of  the  various  elemental 

constituents  of  a  surface^.  The  feature  of  ion  plated  films  which  lends  itself 
ideally  to  such  IBA  is  the  expected  graded  interface  between  the  film  and  substrate. 
To  study  this  feature,  a  roughly  1  ym  thick  film  of  Cr  was  plated  onto  Cu.  Cu 
rather  than  Fe  was  chosen  as  the  substrate  because  thermal  diffusion  between  Cr  and 
Cu  is  minimal  while  Cr  diffuses  readily  into  Fe.  Consequently,  the  effect  of  the 
ion  plating  mixing  mechanism  can  be  measured  in  the  Cu/Cr  system  with  no  ambiguity. 
The  thickness  of  the  Cr  film  could  not  exceed  about  1  jjn  for  this  study  because 
IBA  cannot  probe  deeper  into  the  surface  with  accuracy.  The  results  of  this 
measurement  are  shown  in  figure  5  where  the  concentrations  of  Cr  and  Cu  are  shown  as 
a  function  of  depth.  Img/cm^  of  Cr  and  Cu  translates  to  approximately  1.3  yn. 

As  can  be  seen,  the  Cr  and  Cu  are  intermixed  over  a  depth  of  more  than  1  ym.  The 
structure  that  is  seen  is  real  and  is  due  to  the  fact  that  the  substrate  was  swept 
past  the  cathode  opening  three  times.  It  is  expected  that  this  type  of  broad 
interface  will  provide  for  very  strong  bonding  between  the  film  and  substrate. 

The  next  phase  of  the  experiment  was  the  investigation  of  plating  uniformity 
over  lands  and  grooves  as  would  be  found  in  gun  tubes.  To  this  end,  grooves  were 
cut  in  the  inside  of  a  30mm  dia.  by  15cm  long  Cu  tube.  The  tube  was  swept  past  the 
Dlatinq  region  10  times  in  30  minutes.  Micrographs,  figure  6,  show  a  5  nn, 
uniform  plating  thickness  on  the  'lands',  and  plating  which  is  continuous  with 
approximately  a  factor  of  two  difference  between  the  thickest  and  thinnest  portions 
of  the  film,  with  the  thin  sections  lying  in  regions  on  the  wall  shadowed  from  the 
HCD  source.  The  factor  of  two  difference  between  the  thick  and  thin  sections  of  the 
coating  can  be  decreased  by  plating  at  a  higher  pressure  with  the  only  disadvantage 
being  a  slightly  lower  plating  rate. 

A  series  of  highly  subjective  tests  on  these  and  other  plated  samples, 
consisting  of  scratch  tests,  scouring  with  abrasive  material,  bending  of  substrate 
with  plate  and  polishing  all  were  consistent  with  a  strongly  adhering,  hard  film. 


CONCLUSIONS 

We  have  developed  a  method  which  is  capable  of  ion  plating  the  inside  surfaces 
of  gun  tubes  with  little  restriction  on  their  length.  The  films  produced  by  this 
process  have  large  graded  film-substrate  interfaces  even  for  materials  such  as 
chrome  and  copper  in  which  thermal  diffusion  is  negligible.  The  extended  interface 
is  a  result  of  utilizing  the  confining  geometrical  nature  of  a  tube  to  contain  ana 
intermix  the  deposition  and  substrate  atoms.  The  present  experiments  have  a  so 
shown  that  the  plating  is  uniform  over  simulated  lands  and  grooves.  These  results 
show  that  the  process  is  a  feasible  method  of  protecting  gun  tubes  against  erosion. 
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Figure  5.  Concentration  Depth  Profiles  of  a  Chrome  Film  on 
a  Coppper  Substrate. 


Figure  6.  Photomicrographs  of  a  Chrome  Coated  Copper 
Substrate  with  Simulated  Rifling. 
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ELECTRODEPOSITION  OF  REFRACTORY  METAL  COATINGS  (TANTALUM  AND  COLUMBIUM) 

FROM  FUSED  SALT  ELECTROLYTES 

I.  Ahmad,  G.  J.  Janz*,  J.  Spiak*,  and  E.  S.  Chen 
US  Army  Armament  Research  and  Development  Command 
Large  Caliber  Weapon  Systems  Laboratory 
Benet  Weapons  Laboratory 
Watervliet,  NY  12189 


INTRODUCTION 

One  of  the  Important  measures  to  control  erosion  in  gun  barrels  used  for  the 
last  50  years  is  the  application  of  coatings.  However,  chromium  is  the  only  one 
which  has  been  applied  in  both  small  and  large  caliber  guns  with  various  degrees 
success  It  can  be  easily  applied  from  aqueous  electrolytes  at  a  °  * 

Unfortunately,  even  the  best  of  conventional  chromium  ^  and 

stressed  very  brittle,  and  invariably  full  of  microcracks  (Figure  1).  It  chips  and 
spalls  off  a/various  stages  of  firing  unpredictably .  This  weakness  of  chromium 
coating  has  not  yet  been  brought  under  control. 


Fig.  1.  Conventional  chromium  coating  (from  120  ram  M256  tube  plated  by  "pump  thru" 
process.  Heavily  etched  X500) • 

At  Benet  Weapons  Laboratory,  we  therefore  decided  to  explorel  other  erosion  ^ 
resistant  refractory  metals  which  are  not  as  brittle  as  chromium,  are 
”:s:nSL  aL  can  be  plated  In  gun  battele  telatlv^  ease  ^  the  baals 

Of  these  criteria  the  potential  metals  are  shown  in  Table  I.  ^hose  not  in  the 
shaded  area  are  either  too  reactive  and  expensive  or  are  ®®®tce.  Of  those  in  the^ 
shaded  area,  tantalum  and  columbium  were  selected  for  the  first  P^jse  s  y,  Y 

are  ductile,  have  low  ductile  to  brittle  transition  temperatures  (Figure  2) ,  an 
have  lower  elastic  n»dulus  (27x10®  and  15x10®  psi  respectively)  than  steel  (there¬ 
fore  their  coatings  could  easily  transfer  load  to  the  106''anr42xl0®^psi 

stressed).  Ifolybdenum  and  tungsten  have  high  elastic  modulil  <55x10  and  ^2x10  p^ 

respectively)  and  high  DBTT.  Therefore,  in  order  to  use  them  ^  1. 

have  to  be  placed  under  a  compressive  stress  state;  otherwise  t  ey 
tendency  to  fracture  on  pressure  cycling  during  firing. 

*G.  J.  Janz  and  J.  Spiak  are  from  Rensselaer  Polytechnic  Institute,  Troy,  NY. 
Distribution  limited  to  US  Government  Agencies  only  because  of  test  and  evaluat  , 
September  1982.  Other  requests  for  this  document  must  be  referred  to  ’ 

ARRADCOM,  ATTN:  Benet  Weapons  Laboratory,  DRDAR-LCB-RP ,  Watervliet, 


IV-299 


TABLE  I.  POTENTIAL  EROSION  RESISTANT  ELEMENTS  AND  THEIR  m.p.  “C. 


IVk 

VA 

VI I A 

VIII 

Ti 

V 

Cr 

1668 

1890 

1875 

Zr 

Cb 

Mo 

Tc 

Ru 

Rh 

1852 

2468 

2670 

2140 

2250 

1960 

Hf 

Ta 

W 

Re 

Os 

Ir 

2150 

2996 

3410 

3180 

3000 

2410 

TiMt*  'C 
DBTT - - 

Fig.  2.  Ductile  to  brittle  transition  temperatures  of  some  refractory  metals. 

Unlike  chromium,  as  shown  in  Table  II,  none  of  these  metals  can  be 
electroplated  from  an  aqueous  electrolyte.  In  the  initial  studies  chemical  vapor 
deposition  was  investigated.  However,  because  of  difficulty  of  controlling  the 
Impurity  pick  up  and  the  very  high  temperature  (1000-1 100°C)  of  deposition  required, 
it  was  given  up.  Sputtering  has  an  advantage  that  the  substrate  temperature  does 
not  exceed  300-400® C,  but,  it  requires  expensive  set  up.  Also,  it  is  a  line  of 
sight  deposition  process  and  therefore  could  present  difficulty,  if  used  for  coating 
rifled  barrels.  In  view  of  the  advantage  of  the  low  deposition  temperature  however, 
this  process  is  being  investigated  as  a  part  of  the  long  range  program  at  BWL. 
Results  obtained  thus  far  will  be  reported  by  Mr.  Cox. 

TABLE  II.  METHODS  OF  APPLYING  COATINGS  OF  REFRACTORY  METALS 


Processes 

Materials 

Limitations 

Vapor  Deposition 

Chemical 

High  Temperature,  Impurities 

sputtering 

Cr  Ta  Cb  M)  W 

Line  of  Sight,  Impurities 

Plasma  Spray 

Porosity,  Impurities 

Electrodeposition 

Stresses,  Cracks 

Aqueous  Electrolyte 

Cr 

Fused  Electrolyte 

Cr  Ta  Cb  M)  W 

High  Temperature 

Diffusion 

.  Metalliding 

Alloys  &  Compounds 

Only  thin  coatings  1 
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The  process  which  yields  very  pure  ductile  refractory  metal  coatings  at 
moderate  temperatures  (700-850“ C)  is  the  electrodeposition  from  fused  salt,  electro¬ 
lytes.  Although  electrodeposition  of  metals  from  fused  salt  baths  has  been  studied 
for  more  than  50  years,  it  was  in  1964,  that  Senderoff  and  Mellor  reported  a 
general  process  for  the  deposition  of  pure,  coherent  coatings  of  IVA,  VA,  and  ^A 
group  metals  from  a  solution  of  the  fluoride  of  the  metal  to  be  deposited  in  the 
Ltectic  mixture  of  KF-LiF-NaF  (also  called  FLINAK) .  The  conditions  found  to  be  the 
best  for  the  electrodeposition  of  these  metals  are  summarized  in  Table  III.  It  was 
established  that  for  the  maximum  anodic  and  cathodic  efficiency  (which  in  most  cases 
approach  100  percent)  the  salts  must  be  free  of  moisture,  oxides,  and  ot^er 
halogens,  and  the  atmosphere  used  in  the  cell  -  usually  argon,  must  be  of 
purity.  In  addition  to  the  temperature,  the  oxidation  state  of  the  metal  in  the 
solution  was  critical.  According  to  Senderoff,  for  coherent  deposits  it  is  neces¬ 
sary  that  the  electrolyte  contained  a  complex  with  correct  thermodynamic  stability. 
Insufficient  amounts  of  stable  complex  ion  will  make  available  dissociated  cations 
in  high  concentration  and  will  hence  give  powdery  or  dendritic  deposits.  Too  stable 
a  complex  will  require  high  deposition  potential,  which  could  result  in  codeposition 
of  alkali  metals  from  the  electrolyte.  Presence  of  KT  was  also  found  to  be 
important.  Fordyce  and  Baum,^  by  infrared  analysis  showed  that  [TaFy]  was  the 

main  complex  in  the  electrolyte  in  which  K2TaF7  was  added  as  a  source  of  tantalum. 

By  using  the  chronopotentiometric  technique,  Senderoff  et  al  deduced  that  the 
reduction  of  this  complex  took  place  in  two  steps. 


[TaFy]"^  ^  3e  TaF2  +  2F" 
TaF2(s)  +  2e  TaO(s)  +  2F- 


(1) 

(2) 


The  first  step  is  diffusion  controlled  and  highly  reversible,  while  in  the  second 
step  reduction  of  both  the  solid  and  dissolved  TaF2  to  Ta®  is  irreversible. 

Likewise  in  columbium  deposition,  CbF  formed  is  either  solid  or  in  solution  and  is 
reduced  to  Nb®  irreversibly.  Probably  the  formation  of  the  insoluble  phase  (TaF2  or 
CbF)  may  be  responsible  for  providing  additional  nucleation  sites  and  hence 
promoting  the  formation  of  smooth  coherent  coating  rather  than  dendrites. 


TABLE  III.  CONDITIONS  OF  PLATING  REFRACTORY  METALS  FROM  FUSED  FLUORIDE  BATHS 


Metal 

Salt 

Temp“C 

Current 

Density 

Ma/cm^ 

Oxidation 

State 

Remarks 

Tantalum 

K2TaFy 

725-775 

5-100 

+5 

Process  Well 
Developed 

Columbium 

K2CbFy 

725-775 

5-100 

+4.2 

Good  Coating 

Chromium 

K3CrF6 

775-850 

5-50 

+3 

Process  Less 

Molybdenum 

K3M0F6 

700-750 

5-100 

+4 

Developed 

Tunpsten  _ 

WF6  (Bubble) 

700-750 

5-100 

+4.5 

The  currently  used  gun  steel  is  a  tempered  martensite,  with  a  room  temperature 
yield  strength  in  the  range  of  160-180  ksi  (hardness  30-35  RC) .  This^steel  is  kno^TO 
to  lose  its  temper  and  hence  its  strength  when  heated  above  about  500  C.  The  depo¬ 
sition  temperature  for  Ta  and  Cb  from  their  respective  electrolytes,  as  mentioned 
earlier  is  700-850“ C.  Therefore  as  such,  these  coatings  could  not  be  applied  in  the 
gun  barrel  directly,  without  damaging  the  mechanical  properties  of  the  gun  steel. 
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This  problem  was  overcome  by  applying  the  coating  in  a  suitable  liner,  which  was 
then  shrink  fitted  in  the  gun  barrel.  For  the  initial  studies  M24A1  gun  barrel  was 
selected  as  a  test  vehicle.  The  liner  used  for  this  gun  is  shown  in  Figure  3, 


LINER 


SECT.  A-A 


•.•75 

■-.005 


YZt 


■i - 


i±n 


A-^ 


I.I2S5 

-.0010 


RETAINER- LINER- BARREL  ASSEMBLY 


[HiEBII 

■ 

RETAINER  ^  LINER  ^  TUBE 


Fig,  3.  Sketch  of  the  20  mm  liner  and  the  retainer-liner-barrel  assembly. 

Because  of  their  size,  it  was  not  possible  to  apply  tantalura/colurabium  coating 
in  the  liner  in  the  laboratory.  They  were  plated  by  GMTC,  Richmond,  VA,  the  only 
outfit  in  US  with  the  facility  to  plate  tantalum  and  columbium  from  fused  salts.  In 
this  paper  results  of  both  the  lab  studies  on  the  electrodeposition  of  Ta,  Ta-Cr, 
and  columbium  alloys  and  the  evaluation  of  the  coated  liners  before  and  after  test 
firing  is  summarized. 

ELECTROPLATING  CELL 


The  electrodeposition  cell  used  in  the  lab  was  essentially  similar  to  the  one 
described  by  Senderoff  and  Mellor,^  and  is  illustrated  in  Figure  4,  The  cell  used 
by  Q4TC  is  also  similar  in  design,  albeit  is  large  enough  to  plate  objects  up  to  22 
inches  long,  and  12  inches  in  diameter. 

Anhydrous  LiF,  KF,  and  NaF  salts  are  mixed  in  the  ratio  26.2:10.5:47.0  by 
weight  and  preraelted  in  a  graphite  crucible  in  order  to  remove  residual  moisture  and 

oxygen.  (Binary  eutectic  mixtures  can  also  be  used,  for  which  higher  deposition 

temperature  is  required.)  The  solidified  slug  is  then  transferred  to  the  nickel 
crucible.  Dried  K2TaF7  (10-15  wt.  %)  is  added.  The  crucible  containing  these  salts 

is  placed  in  the  reactor.  The  anode  is  a  single  rod  or  a  bundle  of  rods  of  tantalum 

positioned  carefully  with  respect  to  the  cathode  (i.e,  a  flat  coupon  or  the  liner). 
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Prior  to  actual  plating  the  system  is  evacuated  and  thoroughly  purged  ^th  high 
purity  LgoL  Ml  preLutions  are  taken  to  exclude  nK>isture  or  air.  The  electro- 
?ne  L  rJlted  and  equilibrated  at  800»C.  It  is  then  preelectrolyzed  ta^remove 
rLidual  oxide,  moisture,  and  other  impurities  such  as  Fe.  Completion  of  preelec 
trolysis  is  indicated  by  smooth  coating  on  the  test  coupon.  The  electrode  assembly 
irihen  »lthdr.«n  In  th.  air  lock.  The  gate  calve  la  closed.  After  the  electrodes 
have  cooled  down,  they  are  removed.  The  item  to  be  plated,  appropriately  fixed  at 
the  cathode  is  positioned  with  respect  to  anode.  The  assembly  is  then  returned  to 
the  air  lock,  which  is  then  purged  with  argon.  The  gate  valve  is  opened  and  the 
electrode  assembly  then  lowered  in  the  region  just  above  the  electrolyte  for  pre 
After  0  5-^1  hour,  it  is  then  immersed  in  the  electrolyte.  For  a  smo 
^oaJS'of  hJgS  witO-Io  aa/ca^  Is  preferred.  For  a  5  all  coating  14-16  hours 
Of  olafing  ti!e  is  required.  A  typical  coating  obtained  is  shown  in  Figure  5.  A 
similar  set  up  and  condition  are  used  for  columbium  coating  with  K2CbF7  as  the 
source  of  columbium. 


Fig.  4.  Electroplating  cell. 


lV-303 


DEPOSITION  RATE  VS  CURRENT  DENSITY 


TRANSVERSE  SECTION  {X  200) 


MICROHARDNESS 


Fig,  5.  A  typical  tantalum  coating  deposited  from  fused  fluoride  bath. 
EVALUATION  OF  Ta  IN  20  MM  LINERS 

Figures  6(a)  and  (b)  show  a  20  mm  liner  coated  with  5  rail  tantalum*  Note  the 
uniformity  of  the  thickness  and  absence  of  any  nodules  and  gross  surface  roughness. 
Such  a  liner  coated  with  5  rail  tantalum  was  shrink  fitted  in  a  20  ram  M24A1  barrel 
which  was  test  fired.  The  details  of  this  test  are  described  by  Cullinan  et  al.^ 

In  the  first  liner,  excessive  deformation  of  lands  was  noticed  which  was  traced  to 
the  slow  cooling  of  the  liner  after  withdrawing  of  the  melt.  The  hardness  of  the 
liner  had  decreased  to  RC  20.  In  the  second  liner,  steps  were  taken  to  achieve 
faster  cooling  which  resulted  in  the  recovery  of  the  hardness  of  the  substrate  to 
about  30  RC.  This  liner  when  test  fired,  although  showed  some  deformation,  gave 
e>ccellent  erosion  protection  as  is  shown  by  Figure  7,  in  which  the  bore  enlargement 
at  0.5  inches  from  the  origin  of  the  rifling  as  a  function  of  number  of  rounds  fired 
is  plotted.  For  comparison,  an  unplated  liner  and  a  conventional  HC  chromium  plated 
liner  were  also  test  fired  under  the  same  conditions  and  their  data  are  included  in 
this  figure. 


IV-304 


(a)  Coated  surface  in  the  origin  of  rifling  area. 


(b)  A  transverse  section  of  the  coated  tube. 


Fig.  6.  Tantalum  coating  in  a  20  ram  liner. 

The  liners  were  sectioned  after  test  firing  and  examined  raetallographically 
(Figure  8).  While  the  chrome  plated  liners  showed  loss  of  the  plating  and 
considerable  erosion  in  the  origin  of  rifling  area  and  down  bore,  the  tantalum 
coating  remained  intact  even  after  5000  rounds. 


Encouraged  from  these  results,  investigations  were  made  to  plate  105  mm  liners 
(Figure  9).  Details  of  this  work  will  appear  in  another  technical  report.  The  main 
conclusion  of  this  study  was  that  by  this  technique  it  was  possible  to  coat  these 
larger  liners  at  affordable  cost,  e.g.,  $600-900  per  liner.  The  shrink  fitting  of 
these  liners  in  a  full  scale  gun  and  test  firing  results  will  be  described  by  Aalto 
in  this  symposium.  The  dimensional  stability  of  the  liner  and  uniformity  of  coat¬ 
ing,  are  some  of  the  areas  which  are  being  presently  investigated.  The  effect  of 
the  coating  on  the  mechanical  properties  such  as  yield  strength,  hardness,  Oiarpy 
impact  strength  are  summarized  in  Table  IV.  It  shows  that  the  room  temperature 
properties  of  gun  steel  used  in  105  mm  M68  are  not  adversely  affected  by  tantalum 
coating  process.  The  hot  hardness  of  steel  is  still  of  concern,  because  it  could 
swage  by  the  engraving  stress  of  the  round.  This  prompted  investigation  of  other 
substrate  alloys  such  as  Pyrotool  V,  GG27,  etc.  which  are  known  to  retain  their 
hardness  at  elevated  temperatures  (see  Figure  10).  Two  other  problems  became 
apparent  in  this  study. 


Fig.  9.  A  view  of  105  ram  liner  coated  with  tantalum  by  GMTG. 
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a.  hfetallographic  examination  of  some  tantalum  coated  liners  (both  20  ram  and 
105  ram)  showed  that  in  some  regions  (particularly  at  the  land  corners)  ^ ^ 
phase  nucleated  at  the  coating  substrate  interface  (Figure  11).  was  'id®®tif 
by  x-ray  diffraction  analysis  to  be  g-tantalura.^  It  is  slightly  brittle  and  can  be 
a  cause  of  debonding  of  the  coating  during  firing.  In  fact,  it  was  ” 

a  liner  made  of  Pyrotool  V,  the  coating  did  debond,  as  shown  in  Figure  12.  This  i^y 
also  be  a  cause  of  some  chipping  of  tantalum  in  Figure  8  (area  H) .  Details  of  is 
work  will  be  reported  elsewhere.  Briefly  the  formation  B-phase,  which  may  be 
impurity  (probably  oxygen)  stabilized  phase,  is  considered  to  be  due  Jo  high  current 
density  in  areas  which  are  closer  to  the  anode  (due  to  asymmetric  positioning  of  the 
anode  or  the  rifling  profile).  This  condition  was  eliminated  in  105  mm  liners  by 
carefully  redesigning  the  anode.  Instead  of  using  a  bundle  of  tantalum  ^rs,  the 
anode  was  a  copper  tube  on  which  tantalum  was  electroplated  uniformly.  This  anode 
was  then  concentrically  positioned  in  the  liner. 


Fig.  11.  B-Tantalum  at  the  interface  of  tantalum  coating  and  the  land  of  the 
liner. 
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Fig,  12,  Tantalum  coating  debonded  from  the  substrate  oh  firing. 
Notice  3‘“tantalum  at  the  interface. 


b.  As  mentioned  earlier,  not  only  that  the  liner  material  has  a  tendency  to 
become  soft  because  of  the  exposure  to  750-850®C  for  14-16  hours ,  , hut  the  coating 
itself  is  very  soft.  Hence  in  the  origin  of  rifling  area,  the  lands  and  the  coating 
tend  to  swage  (Figure  13).  So,  as  has  already  been  stated ,  while, other  iron  alloys 
with  better  elevated  temperature  properties  such  as  CG27 ,  Pyrotool  V,  Hll  are  being 
investigated,  a  systematic  study  was  also  made  to  improve  the  hardness  of  tantalum. 
This  was  accotaplished  by  the  codeposition  of  chromium  with  tantalum.  Chromium  was 
added  in  the  electrolyte  as  K3CrF5,  This  did  not  effect  the  deposition  rate  of 
tantalum.  The  microstructure  was  slightly  refined  (Figure  14),  The  hardness  was 
found  to  increase  with  the  increase  of  the  concentration  of  chromium  as  shown  in 
Figure  15.  The  details  of  this  work  have  already  been  reported.^ 


Fig,  13,  Swaged  lands  and  coating  of  tantalum  coating  liner  fired  in  M24A1, 


(b)  Microstructure  and  hardness  of  a  deposit  coating  0.5 
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Fig.  15.  Hardness  vs.  chromium  content  in  tantalum. 

COLUMBIUM 

Using  the  same  type  of  electrolyte  cell  as  shovm  in  Figure  4,  colurabiura  was 
also  successfully  coated  (at  GMTC)  in  20  ram  liners  made  of  gun  steel  and  Pyrotool  V 
alloy  (Figure  16).  They  are  awaiting  test  firing. 

A  systematic  laboratory  study  was  made  at  improving  the  hardness  of  columbium 
by  codepositing  chromium.  K3CrF5  in  the  quantities  varying  from  0. 5-6.0  percent  was 
added  to  the  electrolyte.  But  in  none  of  the  compositions  chromium  codeposited  with 
columbium. 


Fig.  16.  Transverse  section  of  a  columbium  plated  specimen. 
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SUMMARY 


1*  The  feasibility  of  plating  tantalum  and  columbium  in  20  ram  liners  has  been 
demonstrated • 

2.  Firing  tests  have  shown  that  tantalum  did  not  chip  off  or  crack  even  after 
5000  rounds  fired  in  20  ram  M24A1  gun  barrels. 

3.  Tantalum  has  also  been  successfully  applied  in  20  inch  long  105  mm  liners, 

and  the  influence  of  the  coating  conditions  on  the  mechanical  properties  has  been 

determined. 

4.  The  formation  of  3-tantalum  at  the  coating-substrate  interface  has  been 
identified.  Also,  conditions  to  eliminate  this  phase  have  been  worked  out. 

5.  Hardness  of  tantalum  can  be  predictably  increased  (from  200  to  700  KHN)  by 
codepositing  1-6  wt.  %  chromium.  Alloying  with  chromium  did  not  have  undesirable 
effects  either  on  the  current  efficiency  or  the  microstructure  of  the  deposit. 

6.  Columbium  has  also  been  coated  in  20  ram  liners  of  gun  steel  and  Pyrotool  V 

liners.  Chromium  could  not  be  codeposited  with  columbium. 
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ABSTRACT 

The  effect  of  interrupted  current  (IC)  plating  on  the  visual  crack  morphology, 
crystallography,  and  residual  stresses  of  electrodeposited  chromium  has  been 
investigated.  Varying  the  process  parameters  such  as  the  on/off  plating  cycle  and 
current  density  resulted  in  changing  the  crystallographic  fiber  texture  of  the 
deposit  from  the  conventional  <11 1>  orientation  to  a  combination  of  <21 1>,  <11 1>  and 
a  small  fraction  of  randomly  oriented  crystallites.  Under  these  plating  conditions, 
it  was  also  found  that  (i)  lower  amounts  of  chromium  hydride  (CrH^)  occur  in  the 
deposit,  (ii)  a  large  decrease  in  the  microcrack  density  of  the  deposit  occurs,  and 
(iii)  the  deposits  tend  to  become  corapressively  stressed. 

INTRODUCTION 

For  over  30  years  HC  chromium  has  been  used  to  extend  the  wear  and  erosion  life 
of  gun  barrels.  Its  attractiveness  results  from  its  oxidation  resistance  and 
retention  of  hardness  at  elevated  temperatures  and  its  excellent  resistance  to 
friction  and  wear.  The  acceptance  of  electrolytically  deposited  HC  chromium  as  a 
good  protective  coating  is  limited  however,  by  the  large  tensile  stresses  and  the 
well-known  crack  networks  which  are  always  present  in  the  deposit.  These  two 
limiting  factors  being  dependent  upon  the  deposition  conditions,  proved  to  be  the 
target  of  numerous  investigations.  The  idea  of  plating  conventional  HC  crack-free 
chromium  has  been  reported  by  Saiddington  and  Hoey^  and  others. Based  on  the 
observation  that  cracks  do  not  form  in  chromium  deposits  until  a  critical  thickness 
of  about  0.5  urn  is  reached,  they  have  demonstrated^  that  by  means  of  controlled 
current  interruptions  the  microcracks  can  be  effectively  reduced  or  eliminated. 
Although  there  is  no  simple  theory  to  explain  the  presence  of  stresses  in 
electrodeposits,  a  number  of  comprehensive  reviews^ suggest  that  their  origin  is 
due  to  the  crystal  lattice  defects  which  are  trapped  in  the  deposit  during  the 
electrocrystallization  process.  Likewise,  the  evidence  from  these  articles  and 
others  suggest  that  the  various  plating  parameters  are  the  critical  factors  that 
control  the  residual  stress  of  the  deposit. 

On  the  basis  of  the  above  evidence,  the  current  work  was  undertaken  to 
investigate  the  crystallography  and  residual  stresses  in  electrodeposited  chromium 
produced  as  a  function  of  plating  variables,  as  a  means  of  formulating  the  direction 
towards  property  improvements.  In  particular,  the  investigation  was  aimed  at  the 
effect  of  interrupted  current  (IC)  chromium  plating  at  various  current  densities  on 
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the  visual  crack  morphology,  crystallographic  structure,  and  residual  stress  state 
of  the  deposit. 


EXPERIMENTAL 

A  standard  plating  system  was  set  up  in  which  a  Flexopulse  periodic  current- 
interrupter  made  by  Rapid  Electric  was  placed  in  series  with  the  D.C.  power  supply 
to  allow  IC  plating  using  several  preselected  on/off  cycles.  All  of  the  IC  chromium 
deposits  for  this  study  were  prepared  using  a  conventional  chromic  acid  solution 
which  has  been  aged  for  250  A-hr/Ji  and  maintained  at  the  composition  of  250  g/il  Cr03 
and  2.5  g/£  H2SO4  and  a  temperature  of  55°C.  The  coatings  were  deposited  on  a 
polished  flat  sheet  of  annealed  brass  substrate  and  to  a  total  chromium  thickness  of 
75  ym  which  is  optimum  for  x-ray  diffraction  analysis. 

DETERMINATION  OF  OPTIMUM  ON/ OFF  DUTY  CYCLE 


As  was  discussed  in  the  introduction  the  effective  interruption  of  current 
during  plating  can  produce  crack-free  deposits.  This  current  interruption  is 
responsible  for  disrupting  the  cathode  film  during  chromium  plating  and  thus  can 
lead  to  changes  in  the  deposit  properties.  The  nature  of  this  disruption  during  IC 
plating  was  investigated  through  polarization  measurements  using  the  same  type  of 
conventional  chromic  acid  electrolyte  at  55° C.  The  resulting  current-voltage 
relationships  shown  in  Figure  1  indicated  that  a  current  interruption  of  15  sec 
duration  was  necessary  to  disrupt  the  cathode  film  completely.  On  the  basis  of 
these  measurements,  the  on/off  duty  cycles  of  30/5,  30/l5,  and  30/30  seconds  were 
selected  for  studying  the  IC  chromium  deposits.  Additionally,  for  each  of  the  duty 
cycles  indicated  above,  IC  chromium  deposits  were  prepared  at  current  densities  of 
30 ,  45 ,  and  60  A/dm^  • 


STRUCTURAL  RESULTS  AND  DISCUSSION 
APPEARANCE  AND  MECHANICAL  PROPERTIES 


A  comparison  of  some  of  the  properties  of  IC  and  HC  chromium  is  shown  in  Figure 
2.  The  surface  morphology  of  this  IC  chromium  deposits  was  examined  by  means  of  a 
low  magnification  stereo  microscope.  The  crack  pattern  of  these  deposits  varied 
from  a  crack-free  structure  to  one  of  heavy  crack  density.  Corresponding  to  this 
structure,  the  hardness  was  found  to  vary  between  770  and  1100  KHN  and  the  tensile 
strength  between  30.0  and  0  ksi.  While  a  wide  range  of  properties  can  be  attained 
with  IC  chromium  plating,  the  better  results  are  obtained  from  deposits  plated  at 
the  higher  current  densities  and  longer  interruption  time. 

TEXTURE 


The  x-ray  diffraction  spectra  shown  in  Figures  3  through  5  have  been  obtained 
by  means  of  a  diffractometer  scan  using  molybdenum  monochromatic  radiation.  For  the 
sake  of  convenience  these  spectra  have  been  organized  in  Figures  3  through  5  to 
reflect  the  changes  which  occur  in  the  deposited  structures  as  a  result  of  the 
longer  current  interruption  times  and  also  the  higher  current  densities.  It  is 
clearly  seen  that  for  the  case  of  no  current  Interruption,  all  three  current  density 
deposited  structures  are  characterized  by  the  expected  and  well  known  <11 1>  fiber 
texture.  When,  however,  the  current  interruption  time  is  increased,  distinct 


IV-315 


found  that  increasing  the  current  density  to  60  A/dm^  and  the  interruption  interval 
to  30  sec  have  resulted  in  deposits  with  lower  microcrack  densities  and  improved 
mechanical  properties.  It  is  also  found  that  uninterrupted  deposits  have  a  very 
strong  <11 1>  fiber  texture  while  for  high  interruption  times  and  60  A/dm^  current 
density,  the  <11 1>  fiber  texture  is  diminished  considerably  and  the  <211> 
orientation  becomes  dominant.  Additionally,  our  measurements  show  that  along  with 
these  changes  there  is  a  decrease  in  the  chromium  hydride  retained  in  the  deposit. 
The  above  evidence  suggest  a  mechanism  in  which  the  crystallites  with  growth  cones 
in  the  <11 1>  direction  preferentially  trap  the  chromium  hydride  during  coalescence. 
As  the  deposit  becomes  more  random  or  tends  towards  the  <21 1>  texture  less  of  the 
hydride  phase  is  retained.  The  chromium  hydride  phase  has  a  larger  unit  cell  than 
bcc  chromium  and  is  unstable  and  its  decomposition  has  been  considered  for  a  long 
time  as  being  responsible  for  the  presence  of  cracks  in  electrodeposited  chromium. 

Finally,  the  residual  stresses  measured  were  found  to  correlate  best  with 
electrodeposition  rate  due  to  current  density  and  the  orientation  textures  due  to 
interruption  cycle. 
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differences  in  structure  among  the  three  current  densities  is  found.  For  the  case 
of  the  low  current  density  of  30  A/dm^  as  seen  in  Figure  3,  increasing  the  current 
interruption  interval  does  not  affect  the  characteristic  (111)  preferred  orientation 
of  the  deposits.  As  shown  in  Figure  4  at  45  A/dm^  a  noticeable  disturbance  of  the 
(111)  preferred  orientation  occurred  as  the  current  was  Interrupted  at  the  various 
duty  cycles.  As  a  result  of  the  changes  in  intensities  of  the  x-ray  lines  observed 
in  Figure  4,  it  was  deduced  that  a  small  fraction  of  the  chromium  crystallites  grown 
in  these  deposits  have  departed  from  the  common  <11 1>  direction  to  random 
orientations  and  favored  especially  the  <211>  direction.  As  shown  in  Figure  5  at  60 
A/dm^  the  current  interruption  produced  deposits  with  a  dual  <211>  and  <111>  fiber 
texture.  Again  from  a  comparison  of  the  intensities  observed  the  <21 1>  texture  of 
these  deposits  was  stronger  than  the  <11 1>  texture,  implying  that  a  larger  number  of 
crystallites  with  the  (211)  rather  than  the  (111)  preferred  orientation  have 
competitively  grown  parallel  to  the  deposit  surface.  Also,  a  comparison  of 
intensities  of  Figures  4  and  5  showed  that  a  greater  fraction  of  the  crystallites 
have  become  random  as  the  current  density  was  increased  from  45  to  60  A/dm^. 

RESIDUAL  STRESSES 

Residual  stresses  in  the  IC  chromium  deposits  have  been  measured  by  means  of  an 
automated  computer  controlled  x-ray  diffraction  system  we  developed  and  reported 
earlier. 7  Typically,  the  chromium  deposit  stresses  varied  from  tensile  stresses  of 
15  ksi  to  compressive  stresses  of  30  ksi.  Regarding  the  stress  measurements 
however,  it  should  be  noted  that  for  the  deposits  with  large  microcrack  densities 
the  results  were  scattered  and  not  always  meaningful.  Also,  the  x-ray  stress  data 
had  to  be  carefully  Interpreted  to  eliminate  the  effects  of  texture  and  of  high 
stress  gradients  that  are  present  across  the  thickness  of  the  deposits.  In  general, 
the  high  compressive  stresses  were  measured  from  practically  crack  free  samples  that 
were  deposited  at  the  high  interruption  cycles  and  the  current  density  of  60  A/dm^. 

CHROMIUM  HYDRIDE  PHASE 


As  a  consequence  of  the  x-ray  residual  stress  measurements  it  was  found  that  an 
additional  non-equatorlal  reflection  occurred  which  did  not  belong  In  the  bcc 
chromium  structure  but  satisfied  the  angular  position  of  chromium  hydride  in  the 
form  CrH^.  Assuming  that  the  chromium  hydride  phase  has  a  preferred  orientation  as 
most  other  electrodeposits,  this  peak  found  off  the  equatorial  direction  provided  a 
way  of  measuring  qualitatively  the  retained  chromium  hydride  in  the  IC  chromium 
deposits.  On  the  basis  of  the  above  findings  our  x-ray  measurements  on  the  IC 
chromium  deposits  show  that  CrH^  is  almost  always  present  at  low  current  densities 
and  no  current  interruption,  and  decreases  significantly  as  the  interruption  time 
and  current  density  reach  their  high  values. 

SUMMARY  AND  DISCUSSION 

Several  of  our  results  are  similar  to  those  previously  reported.  In 
particular,  the  deposition  of  crack-free  chromium  by  means  of  current  interruptions 
is  well  documented . The  present  study  extends  these  earlier  findings  in 
providing  more  specific  information  on  the  effect  of  current  interruption  cycles  and 
current  density  on  the  crystal  structure  and  internal  stress  of  the  chromium 
deposits.  While  varying  the  on/off  duty  plating  cycle  and  current  density  deposits 
with  very  different  structures  and  properties  have  been  observed.  As  a  rule  we 
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TIME  (secJ 

CATHODE  POTENTIAL  (WITH  RESPECT  TO  STANDARD  CALOMEL  ELECTRODE) 
VS.  TIME  (CHARGING/OFF  TIME) 


STANDARD  HARD  CHROME  (HC) 


INTERRUPTED  PLATED  CHROME  (IC> 


HC  Chrome  IC  Chrome 


Bath  Temperature  °C 
Current  Density  (A/dm^) 
Plating  Rate  (Mils/Hrs) 
Hardness  (KHN) 

UTS  (Psi) 


55 

55 

30 

35 

1 

0.5 

940 

790 

,000 

30,000 

Fig,  2.  Comparison  of  Microstructure  and  Some  Other  Properties  of  HC  and 
and  IC  Chromium. 
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Fig.  4.  X-Ray  Diffraction  Spectra  of  TC  Chromium  Plated  at  45  A/dm^  and 
Various  Interrupt  Time  (IT)  Intervals. 
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Fig,  5.  X-Ray  Diffraction  Spectra  of  IC  Chromium  Plated  at  60  A/dm^  and  at 
Various  Interrupt  Time  (IT)  Intervals. 
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RECENT  FINDINGS  AND  DEVELOPMENTS  IN  CHROMIUM  PLATED  GUN  TUBES 

V.  P.  Greco,  G.  D' Andrea,  and  J.  Walden 
U.S.  Army  Armament  Research  and  Development  Command 
Large  Caliber  Weapon  Systems  Laboratory 
Benet  Weapons  Laboratory 
Watervliet,  NY  12189 


ABSTRACT 

The  shortcomings  encountered  with  conventional  (high  contra^ion)  chromium 
coatings  in  gun  bores  during  past  investigations  are  reviewed.  Oianges  in  the 
application  of  chromium  for  Improving  its  performance  during  firing  are  proposed. 
R^ent  developments  on  the  application  of  low  contraction  chromium  with  a  new 
plating  process,  effects  of  partially  plated  bores  on  accuracy,  and  the  effect 
rifling  profile  on  the  wear  of  chromium  coatings  are  discussed. 

INTRODUCTION 

The  present  day  measures  to  minimize  erosion  in  gun  bores  are  the  appli^tion 
of  electrodeposited  chromium  coatings  and  the  use  of  ammunition  additives,  ^e 
maior  shortcoming  of  chromium  is  its  brittleness  and  inherent  crack  Pattern  whic 
makes  it  susceptible  to  spalling  and  flaking  during  firing.  The  disadvantages 

with  additives  are  their  relatively  high  cost  and  limited  effectiveness  som 
weapon  systems,  due  to  difficulties  in  preparing  or  properly  positioning  the 

material  in  the  propellant  system. ^"5 

At  the  present  time,  both  measures  of  retarding  erosion  (i*®*  > 
additive)  are  incorporated  in  full  length  bores  of  8”  howitzers,  120  mm  “256,  and 
90  mm  M41  cannons  with  satisfactory  results.  The  combined  use  of 

is  the  best  protection  against  erosion  and  wear  of  bore  surfaces  exposed  to  severe 
environments.  However,  the  use  of  chromium  has  not  been  considered  for  all  gun 
systems.  Due  to  the  success  reported  with  ammunition  additives^  in  the  60  s, 
efforts  to  improve  chromium  were  abandoned.  In  the  case  of  studies  with  coa  g  , 
attention  was  primarily  given  to  refractory  metals  for  protection  against  severe 
high  temperature  gaseous  environments. 

While  the  search  for  new  erosion  resistant  coatings  continued  for  more  than 
three  decades,  chromium  still  remains  as  the  only  acceptable  coating 
the  wear  life  of  our  present  day  weapons.  In  view  of  this,  researchers  have  taken  a 
closer  look  at  the  behavior  of  chromium  in  gun  bores  in  recent  years. 

This  paper  reviews  some  of  the  shortcomings  encountered  with  conventional  (high 
contraction)  chromium  coatings  in  gun  bores  during  past  investigations.  These 
experiences  are  leading  to  new  changes  in  the  application  of  chromium  for  ^e^g 
the  deniands  of  future  weapons.  ^ 

Some  of  the  problems  encountered  in  the  105  mm,  120  mm,  and  155  mm,  and  recent 
developments  to  solve  these  problems  are  presented  next. 

Distribution  limited  to  US  Government  Agencies  only  because  of  test  and  evaluation; 
September  1982.  Other  requests  for  this  document  must  be  referred  to  tommander, 
ARRADCOM,  ATTN:  Benet  Weapons  Laboratory,  DRDAR-LCB-RT,  Watervliet,  NY  12189. 
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105  MM  M68  CANNON 


TARGET  DISPERSION 


The  first  change  which  was  attempted  in  the  application  of  electrodeposited 
chromium  was  prompted  by  two  separate  occurrences  reported  in  the  105  ram  M68  gun, 

1.  Chromium  Plated  Tubes  ~  Chromium  plated  bores  showed  a  2-3  fold  increase  in 
tube  life  but  unacceptable  target  dispersion  with  discarding  sabot  ammunition,^ 

This  was  due  to  excessive  downbore  chipping  and  spalling  of  chromium  occurring 
during  early  stages  of  firing, 

2,  Unplated  Tubes  —  Firing  of  M456E  HEAT  projectile  (with  ammunition  additive) 
caused  the  formation  of  secondary  erosion  characterized  by  a  second  region  of  bore 
enlargement  forward  of  the  primary  wear  region  at  the  commencement  of  rifling.  This 
new  erosion  pattern  also  caused  unacceptable  target  dispersion  with  discarding  sabot 
ammunition, Secondary  wear  is  believed  to  be  caused  by  the  loss  of 
effectiveness  of  the  wear-reducing  additive  as  the  projectile  advanced  downbore. 

An  extensive  wear  test  was  conducted  comparing  partially  chromium  plated  bores 
with  full  length  plated  bores.  Results  showed  that  partially  plated  bores 
eliminated  the  downbore  chipping  and  flaking  of  chromium  and  successfully  retarded 
primary  and  secondary  erosion  without  degradation  in  target  dispersion, 

The  accuracy  behavior  of  a  10  mil  full  length  and  partial  length  plated  gun 
tube  can  be  observed  by  the  target  impacts  shown  in  Figure  1.  The  impacts  from  each 
tube  at  the  start  of  the  test  show  an  acceptable  value  of  dispersion.  However,  as 
firing  continued,  the  full  length  tube  showed  a  significant  increase  in  dispersion, 
whereas  the  partial  length  plated  tube  showed  little  change  in  dispersion  throughout 
the  1000  round  test* 


FULL 


LENGTH  i 


PARTIAL 

LENGTH 


hORIZOhToLiI 


Fig,  1,  Target  Impact  Data  for  the  M392A2  Projectile/ 105  ram  M68  Gun  at  the 
1000  Meter  Range  During  the  1000  Round  Test, 
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BEHAVIOR  OF  THICK  CHROMIUM  DEPOSITS 


Thick  chromium  deposits  increase  the  protection  of  the  bore  surface-  against 
erosion  and  heat  checking.  However,  increasing  the  deposit  thickness  decreases  the 
strength  due  to  defects  and  the  lack  of  support  for  the  brittle  deposit.  Therefore, 
one  must  compromise  between  the  thermal  protection  of  the  surface  and  the  endurance 
level  at  which  chipping  and  spalling  of  the  deposit  takes  place  thereby  exposing  the 
substrate. 

An  example  of  thicker  deposits  experiencing  a  greater  amount  of  spalling  and 
downbore  wear  during  firing  can  be  seen  in  Figure  2. 


Fig.  2.  105  MM  M68  Bore  Wear  Profiles  (Showing  Effect  of  Chromium  Thickness  in 

Full  Length  Plated  Bores).  Heat  Rds.  M490  W/O  Additive. 


120  MM  M256  CANNON 
BEHAVIOR  OF  THICK  CHROMIUM  DEPOSITS 

Excessive  downbore  spalling  was  also  experienced  with  10  rail  thick  deposits  in 
120  mm  XM256  gun  tubes  during  early  stages  of  firing.  When  5  mil  thick  deposits 
were  applied,  spalling  of  the  deposit  was  significantly  reduced. 

MIDBORE  WEAR 

Testing  of  120  ram  M256  gun  tubes  firing  super  slugs  and  heat  rounds  have 
resulted  in  the  formation  of  a  midbore  wear  pattern  as  shown  in  Figure  3.  The  wear 
in  this  region  is  smooth  and  Increases  with  chamber  pressure  and  rate  of  fire. 

Metallographic  examination  of  some  gun  tube  cross-sections  have  shown  the  wear 
to  be  eccentric  and  predominantly  in  the  9-3  o'clock  position  (Figure  4). 
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Fig.  3.  Progressive  Bore  Wear  Profiles  of  Fired  120  nnn  M256  Gun  Tubes  with  5  Ml 
Chromium  Deposit.  (Super  Slugs  Fired  in  60  Rd.  Groups  at  Same  Rate  of 

Fire.) 
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Fig.  4.  Bore  Surface  Cross-Sections  of  120  ram  M256  (Tube  No.  6)  at  132  in. 
From  RFT  After  297  Super  Slug  Rds . 


IV- 32  7 


155  MM  M199  HOWITZER 


MUZZLE  WEAR 


A  chromium  plated  155  mm  tube  (No.  83)  showed  little  wear  at  the  origin  of 
rifling  and  superior  ballistic  performance  compared  to  unplated  tubes  after  1800 
rounds However,  the  plated  tube  experienced  a  significant  amount  of  muzzle  wear 
during  the  latter  rounds  and  was  reported  to  be  related  to  the  irregular  body 
engraving  found  on  the  M549  projectiles. 

It  was  speculated  that  the  cause  of  irregular  engraving  on  the  M549  projectile 
is  related  to  the  wear  pattern  at  the  bore  origin.  In  the  case  of  unplated  tubes, 
irregular  projectile  engraving  was  not  reported  as  a  problem. 

HIGH  TORSIONAL  IMPULSE 


Another  problem  of  concern  was  the  relatively  high  torsional  impulse  readings 
which  were  recorded  during  the  later  stage  firing  of  a  chromium  plated  tube. 20  It 
has  also  been  speculated  that  the  high  torsional  impulses  are  related  to  the 
irregular  erosion  pattern  that  develops  at  the  origin  of  rifling  in  plated  tubes. 
Investigators  have  proposed  the  theory  that  the  latter  erosion  pattern  causes  a  free 
run  for  the  projectile  during  firing  which  produces  the  high  torsional  impulse. 

Because  of  these  findings  and  the  associated  higher  chamber  pressures,  the 
incorporation  of  chromium  in  155  mm  production  tubes  was  not  previously  considered. 


RECENT  DEVELOPMENTS 

Regardless  of  the  uncertainties  in  relating  wear  with  the  projectile  behavior 
in  large  caliber  systems,  investigations  are  currently  undeirway  which  will  have  a 
significant  effect  on  the  performance  of  chromium  in  cannon  tubes.  These 
investigations,  which  are  aimed  at  improving  the  properties  of  chromium,  include 
three  significant  process  changes: 

1.  The  modification  of  the  rifling  profile  at  the  bore  origin  prior  to 
plating. 

2.  The  application  of  low  contraction  chromium. 

3.  The  use  of  a  new  plating  process. 

BORE  ORIGIN  OF  RIFLED  BORES 


The  most  critical  area  in  which  shearing  and  spalling  of  chromium  occurs  during 
firing  is  at  the  sides  of  the  lands  at  the  commencement  of  rifling  (C.R.).  Once 
spalling  is  initiated,  the  hot  propellant  gases  undermine  the  edges  of  the  remaining 
coating  and  the  substrate  is  rapidly  eroded  away.  Figure  5  shows  how  such  surface 
damage  progresses  from  an  early  to  a  final  stage  of  firing  at  the  C.R.  of  a  rifled 
gun  tube. 
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After  2000  Rds> 


ChroTnium  Completely  Gone  at  Origin 
and  Lands  are  Severely  Worn. 


After  600  Rds. 

Note  Cr  Chipping  at  Both  Sides 
of  Land  at  Commencement  of  Rifling. 

Fig.  5.  Views  of  Progressive  Bore  Damage  in  a  155  mm  M199  Howitzer  Tube. 


Cause  of  Chromium  Breakthrough  at  C.R.  -  The  primary  factor  which  causes ^the  brittle 
chromium  deposit  to"  be  more  susceptible  to  shearing  and  spalling  at  the  C.R.  is  the 
sharp  corners  of  the  land  run-up  (i.e.,  forcing  cone)  which  is  unavoidably  formed 
during  the  rifling  operation.  Figure  6  shows  a  sectional  surface  view  of  the  origin 
of  rifling  which  represents  the  specified  machined  surface  of  a  gun  bore  prior  to 
chromium  plating.  Surfaces  with  sharp  corners  promote  high  current  density 
gradients  during  electrolysis  which  leads  to  excessive  build-up  and  weak  chromium  in 
rifled  bores  as  shown  in  land  cross-sections  in  Figure  7. 


Fig.  6.  Sketch  of  Rifling  at  Origin  of  Bore. 

Optimum  Rifling  Profile  at  the  O.R.  -  A  recent  study  for  minimizing  the  shearing  and 
spalling  of  chromium  at  the  C.R.  have  been  undertaken.  The  rounding  off  of  sharp 
corners  at  the  bore  origin  was  a  "difficult  task"  due  to  the  remote  location  and 
small  area  of  the  land  run-up  at  the  bore  origin.  A  significant  accomplishment  has 
been  achieved  in  a  recent  study  in  which  special  tooling  and  a  process  has  been 
developed  to  successfully  produce  an  optimum  rifling  profile  at  the  bore  origin. 

The  results  of  these  efforts  with  155  mm  M199  test  cylinders  is  shown  in  Figure  7. 
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Chipped  Corner 

Conventional  After  Firing  Optimum 

Fig,  7.  Cross-Sections  of  Chromium  Plated  Lands  at  the  C.R.  of  155  MM  M199 
Howitzer  Tube. 

LOW  CONTRACTION  CHROMIUM 

In  comparison  to  the  present  day  high  contraction  (HC)  chromium,  low 
contraction  (LC)  chromium  is  softer  and  less  brittle,  contains  less  stress  cracks, 
and  experiences  less  shrinkage  after  heating.  The  concept  of  applying  LC  chromium 
in  gun  tubes  was  considered  and  tested  in  small  caliber  barrels  in  the  1950' s. 

LC  chromium  showed  great  promise  against  erosion  in  small  arras.  However,  studies 
were  discontinued  because  the  coating  showed  a  tendency  to  swage  with  the  steel 
lands  at  high  projectile  velocities  and  during  extended  firing  when  the  bore  surface 
of  machine  gun  barrels  approached  very  high  temperatures. 

As  a  result  of  the  above,  LC  chromium  was  never  previously  considered  for 
application  in  large  caliber  barrels.  However,  large  caliber  barrels  are  not 
subjected  to  sustained  firing  and  the  heating  of  the  bore  surface  is  not  the  same  as 
in  machine  gun  barrels.  Furthermore,  swaging  of  a  5  mil  thick  coating  in  a  large 
barrel  (if  it  occurs  at  all)  should  have  little  effect  on  a  large  caliber  land  as 
compared  to  a  5  rail  thick  coating  on  top  of  a  6  mil  land  height  in  a  20  ram  barrel. 

IMPROVED  LOW  CONTRACTION  GIROMIIJM 

Recent  efforts  have  been  undertaken  to  upgrade  the  LC  chromium  plating  process 
to  improve  coating  performance  in  gun  bores, Major  emphasis  has  been  placed  on 
the  effects  of  current  density,  solution  aging,  and  bath  additives  on  the  mechanical 
properties  of  the  deposit.  The  results  show  deposits  with  higher  tensile  strengths, 
lower  micro-hardness  values,  and  primarily  crack-free  compared  to  the  conventional 
HC  deposits  produced.  The  latter  studies  are  significantly  more  extensive  than 
those  found  in  the  earlier  literature,^ 

LC  chromium  deposits  produced  with  the  new  plating  process  have  been  evaluated 
through  20  ram  test  firing^^  and  are  currently  being  evaluated  in  120  ram  M256  gun 
tubes  (Figure  3).  Plans  have  also  been  made  to  apply  the  coating  in  105  ram  M68  and 
155  mm  M199  cannon  bores  for  evaluation  through  extensive  firing  tests. 


a  Partially  Chromium  Plated  Plating  Long  Cylinder  Bores. 

120  mm  M256  Tube. 


PLATING  PROCESS 

The  conventional  method  of  plating  gun  bores  in  production  Includes  the 
immersion  of  gun  tubes  in  the  plating  solution  which  is  contained  in  large  open 
tanks  requiring  deep  pits  and  high  cranes.  Another  method  for  plating  cylinder 
bores  involves  the  pumping  of  the  process  solution  through  the  bore  from  a  small 
storage  tank.  This  method  offers  considerable  advantage  over  the  "immersion” 
technique  for  controlling  the  solution  temperature  and  current  density  distribution- 

In  view  of  the  above,  a  prototype  "pump  thru"  plating  facility  has  been 
constructed  for  the  surface  treatment  and  plating  of  gun  bores  using  a  computer 
aided  system  to  control  the  process  parameters  (Figure  9) .2^,27 

The  various  surface  treatments  are  accomplished  by  the  "pump  thru"  plating 
method  using  a  series  of  tanks,  pumps,  valves,  and  associated  piping  to  direct  and 
control  the  flow  rate  of  the  process  solutions.  The  facility  is  especially  suitable 
for  the  deposition  of  LC  chromium  which  requires  high  solution  temperature,  high 
current  densities,  and  a  high  rate  of  solution  flow  to  control  deposit  distribution- 

Recent  studies  have  been  conducted  on  the  structural  characteristics  of  HC 
chromium  deposits  produced  with  the  "pump  thru"  method  of  plating  bores. X-ray 
examination  of  these  deposits  have  shown  that  increasing  the  linear  flow  of  the 
electrolyte  produces  two  significant  changes  in  the  deposit: 

1.  Crystal  growth  changes  from  a  preferred  to  a  random  orientation. 

2.  Residual  stresses  change  from  tensile  to  a  compressive  type. 
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Preliminary  tests  have  shown  that  deposits  produced  with  the  "pump  thru"  system 
are  significantly  stronger  than  those  produced  by  the  immersion  process. 

ANODES  FOR  CHROMIUM  PLATING  GUN  BORES 

The  "pump  thru"  process  is  currently  being  employed  to  deposit  higher  density 
and  higher  purity  lead  alloy  coatings  for  producing  chromium  plating  anodes.  The 
conventional  anodes  are  produced  by  a  lead  burning  process  which  results  in  coatings 
with  a  high  percentage  of  porosity  and  Impurities.  Chromium  plating  anodes  have  a 
significant  effect  on  the  quality  of  the  deposits  in  gun  bores. 

CONCLUSIONS 

Partial  length  plated  tubes  produce  acceptable  target  dispersion  with 
discarding  sabot  type  projectiles. 

An  optimum  rifling  profile  at  the  bore  origin  will  result  in  less  tendency  for 
chromium  to  chip  and  flake  off  from  the  base  metal.  This,  in  turn,  will  prevent  the 
formation  of  the  irregular  erosion  pattern  which  occurred  in  155  mm  M199  tests. 

LC  chromium  deposits  will  possess  greater  strength  and  less  brittleness  than  HC 
deposits. 

The  "pump  thru"  plating  process  will  produce  deposits  with  improved  properties. 
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perpendicularly  to  the  crack  planes  in  the  tensile  test  while  it  acts  parallel  to 
the  crack  planes  in  the  adhesion  test.  Two  additional  parameters,  crack  length  and 
plating  stress,  are  important  to  the  strength  of  HC  chromium.  It  is  suggested  that 
the  observed  increase  in  strength  with  increasing  crack  density  is  due  to  the 
presence  of  smaller  cracks  and  the  reduced  plating  stress  in  the  deposits. 

The  addition  of  H2C2O4  to  produce  Cr’^^  ions  has  little  effect  on  HC  chromium 
below  a  Cr"^^  ion  concentration  of  40  g/it.  Above  this  concentration,  up  to  50  g/^, 
an  increase  in  tensile  strength  of  51  percent  is  observed.  The  obseirved  increase  in 
strength  is  attributed  to  the  formation  of  Cr’^^  complex  ions.  This  in  effect 
reduces  the  concentration  of  the  chromic  acid  in  the  plating  solution. 


In  the  electrodeposition  of  chromium,  the  plating  temperature  has  a  pronounced 
effect  on  deposit  properties.  At  a  temperature  of  85® C,  low  contraction  (LC) 
chromium  is  deposited  with  a  crack-free  structure  which  is  softer  and  stronger  than 
conventional  HC  chromium.  In  LC  chromium  plating,  parameters  other  than  temperature 
are  known  to  have  a  large  influence  on  the  soundness  and  strength  of  the  deposits.® 
Aging  the  solutions  to  250  A-hr/Jt  by  pre-electrolysis  prevented  spallation.  The  use 
of  pre-electrolyzed  solutions  together  with  higher  current  densities  is  also 
beneficial  to  deposit  strength.  For  unaged  solutions,  raising  the  current  density 
from  60  to  150  A/dm^  increases  the  strength  of  LC  chromium  from  7.1  to  29.1  ksi. 

With  pre-electrolyzed  solutions  at  the  same  current  density  range,  the  increase  is 
between  32.8  and  48.2  ksi.  The  addition  of  an  electroactive  chemical  such  as  V2O5 
at  a  concentration  of  10  g/£  improves  the  deposit  strength  to  between  54.1  and  56.3 
ksi.  The  improvement  in  deposit  strength  is  believed  to  be  the  result  of  lower 
plating  stresses  associated  with  the  reduction  of  codeposited  hydrogen. 


Figure  5  shows  a  bar  graph  of  the  different  types  of  chromium  deposits  and 
their  characteristic  strengths.  In  this  graph,  the  spread  of  the  tensile  strength 
for  each  type  of  chromium  reflects  on  both  data  reproducibility  and  effects  of 
current  density.  Essentially,  the  strength  of  HC  chromium  can  be  changed 
significantly  by  several  procedures.  The  first  is  to  use  current  modulation  such  as 
interrupted  current  (IC)  in  the  chromium  plating  process.  Depending  on  the  on/off 
duty  cycle  selected,  the  IC  chromium  deposits  can  have  hardness  values  between  700 
and  900  KHN  and  tensile  between  8  and  32  ksi.  However,  the  reproducibility  of  the 
strength  data  is  unpredictably  poor.  The  better  procedure  for  increasing  the 
strength  of  HC  chromium  is  by  raising  the  plating  temperature  from  55®  to  85°C. 

This  change  in  plating  temperature  will  favor  the  formation  of  a  soft  crack-free 
deposit  that  is  characteristic  of  LC  chromium.  Additional  requirements  through  the 
use  of  solution  aging,  high  current  densities,  and  vanadium  additions  can  produce 
optimized  LC  chromium  deposits. 


IV- 336 


CONCLUSIONS 


!•  The  presence  of  Cl  ions  in  chromic  acid  plating  solutions  favors  the 
formation  of  smaller  cracks  and  Increases  the  crack  density.  An  improvement  in 
tensile  strength  is  obtained. 

2.  Using  a  Cr03/H2S04  ratio  below  100/1  is  preferable  to  using  higher  ratios. 
HC  chromium  plated  at  high  catalyst  ratios  show  poorer  adhesion  and  lower  tensile 
strength. 


3.  Cations  have  different  effects  on  the  strength  of  HC  chromium.  Fe''’^  ions 
in  the  chromic  acid  plating  solutions  tend  to  reduce  the  crack  density  and  lower  the 
tensile  strength.  The  presence  of  Cr"*"^  ions  has  the  opposite  effect  of  increasing 
the  tensile  strength. 

4.  LC  chromium  with  optimum  properties  can  be  obtained  by  aging  the  plating 
solution  through  pre— electrolysis,  the  use  of  high  current  densities,  and  the 
addition  of  vanadium  in  the  plating  solution. 
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Fig.  1(a).  The  Effect  of  Ion  Concentration  on  the  Tensile 

Strength  of  HC  Chroraiuni. 

Fig.  1(b).  The  Effect  of  Cl"  Ion  Concentration  on  the  Tensile 
Strength  of  HC  Chromium. 
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Fig*  2,  Nicrostructure  of  HC  ChromiuDi  Showing  the  Effect  of  Fe^^  ions. 

Deposits  Plated  at  55°C  and  30  A/ dm  Using  Solutions  Containing 
Cr03/H2SCA  at  250/2.5  g/i  and  Ton  Concentrations  of  (a)  3.C  g/l 

(b)  5.0  g/^f  and  (c)  7.0  g/£.  500X  Magnification. 
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TENSILE  STRENGTH  (ksi) 


Nlcrostructure  of  HC  Chromium  Showing  the  Effect  of  Cl  lens. 
Deposits  Plated  at  55°C  and  30  A/dni  Using  Solutions  Containing 

250/2.5  g/i  and  Cl“  Ion  Concentrations  of  (a)  O.C  g/J 
(b)  0.2  g/£,  (c)  0.3  g/J.,  (d)  0.4  g/H,  (e)  0.6  g/S.,  and  (f)  0.  ;  gy 
500X  Magnification. 
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STRENGTH  OF  ELECTRODEPOSITED  CHROME 


EROSION  RESISTANT  COATINGS  FOR  GUN  BORE  PROTECTION 


J  A  Sheward 

RARDE,  Fort  Halstead 

Sevenoaks,  Kent,  UK 

ABSTRACT 

The  mechanisTTis  responsible  for  the  erosion  of  high  pressure  tank  gun  barrels  are 
outlined  together  with  the  means  being  developed  to  prolong  barrel  life.  The  use 
of  erosion  resistant  coatings  is  shown  to  be  most  effective  and  techniques  for  the 
deposition  of  suitable  coatings  are  reviewed.  The  advantages  and  limitations  of 
the  various  coatings  available  are  described. 

INTRODUCTION 

There  are  two  types  of  degenerative  change  which  occur  on  firing  high  pressure, 
large  calibre,  tank  gun  barrels,  namely  the  growth  of  cracks  through  the  barrel 
wall  (fatigue)  and  the  progressive  removal  of  steel  from  the  bore  (wear  or 
erosion).  The  application  of  modern  metallurgical  techniques  especially  electro- 
slag  refining,  has  meant  that  the  fatigue  life  of  barrels  has  been  considerably 
extended.  However,  current  ballistics  requirements,  which  demand  high  temperature 
propellants  result  in  severe  in-bore  conditions  and  unacceptably  high  erosion 
rates  (up  to  25pm  per  round). 

The  mechanisms  of  erosion  are  complex,  and  to  some  extent  depend  on  firing  condi¬ 
tions,  but  three  principal  factors  have  been  identified  (^).  The  intense  thermal/ 
pressure  pulse  on  firing  produces  craze  cracking  due  to  thermal  fatigue  in  the 
bore  surface  layer  and  a  well  defined  heat  affected  zone  is  produced.  By  allowing 
the  hot  propellant  gases  to  penetrate  the  bore  surface,  these  microcracks  facili¬ 
tate  the  erosion  of  bore  material  by  a  variety  of  processes.  In  addition  it  has 
been  shown  that  the  reactive  propellant  gases  produce  brittle  layers  on  the  bore 
surface  containing  free  carbon,  carbides  and  nitrides,  which  are  easily  removed. 
Thirdly,  the  engraving  forces  of  the  driving  band  (usually  nylon)  produce  mechan¬ 
ical  wear  effects,  which  would  not  be  expected  to  be  significant  except  possibly 
in  removing  brittle  or  cracked  phases. 

It  may  be  concluded  that  if  the  bore  could  be  protected,  at  least  to  some  extent, 
from  the  thermal  pulse  produced  on  firing,  then  undesirable  physical/chemical 
changes  resulting  in  the  formation  of  cracks  and  brittle  phases  would  be  reduced 
and  the  barrel  life  would  be  greatly  extended.  It  has  been  shown  that  two  general 
methods  are  available  which  are  capable  of  doing  this.  The  heat  release  which 
occurs  is  primarily  due  to  the  recombination  of  energetic  species  from  the  hot 
propellant  gases  at  the  bore  surface.  By  using  certain  propellant  additives 
especially  fine  powders  such  as  talc,  it  is  possible  to  reduce  the  outward  diffu¬ 
sion  of  these  energetic  species,  so  that  the  heat  intensity  at  the  bore  is  reduced 
to  some  extent.  The  second  method  involves  the  application  of  a  resistant  coating 
to  the  bore,  which  is  able  to  withstand  the  thermal  pulse  without  suffering 
undesirable  physical  or  chemical  changes.  This  means  that  heat  accepted  by  the 
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coating  during  firing  is  subsequently  conducted  away  at  a  relatively  slow  rate,  so 
that  the  gun  steel  substrate  is  not  adversely  affected.  Since  this  method  seems 
to  offer  the  possibility  of  complete  protection  to  the  gun  bore,  considerable 
effort  is  being  made  to  develop  a  suitable  coating  technique. 

There  are  several  Important  property  requirements  which  need  to  be  considered  in 
the  selection  of  a  suitable  coating  material,  these  include  high  melting  point, 
thermal  capacity  and  yield  strength,  low  thermal  conductivity,  a  coefficient  of 
thermal  expansion  and  elastic  modulus  compatible  with  gun  steel  and  chemical/ 
physical  inertness  at  high  temperatures.  These  requirements  have  suggested  that 
the  most  promising  coating  materials  are  certain  refractory  metals  (W,  Cr,  Mo, 

Ta,  Nb  and  Ti),  their  alloys  and  compounds  (especially  titanium  nitride). 

COATING  TECHNOLOGY 

Because  of  the  peculiar  rifled  tube  configuration  of  a  gun  barrel,  any  suitable 
deposition  processes  must  possess  good  throwing  power  to  ensure  near  uniform 
coating  of  land  and  groove  of  the  rifling.  In  addition,  exposure  to  high  tempera¬ 
tures  must  be  minimised  to  avoid  degrading  the  mechanical  properties  of  the  gun 
steel.  However,  this  limitation  can  be  overcome  by  using  a  coated  liner. 

Adequate  coating/substrate  adhesion  is  essential  and  usually  relies  on  effective 
substrate  cleaning,  also  the  coating  thickness  must  be  sufficient  to  prevent  the 
subsequent  formation  of  a  heat  affected  zone  in  the  underlying  gun  steel.  Present 
work  indicates  that  the  coating  thickness  for  most  materials  must  lie  in  the  range 
50  to  200pm  to  ensure  adequate  barrel  life. 

Coating  porosity  is  undesirable  and  the  density  of  the  coating  should  be  similar 
to  that  of  the  bulk  material.  The  microstructure  of  the  coating  is  very  impor¬ 
tant.  The  columnar  growth  morphology  associated  with  many  deposition  techniques 
is  known  to  be  particularly  unsuitable  since  crack  growth  between  the  columnar 
grains  is  likely.  This  leads  to  undermining  of  the  coating  when  the  cracks  reach 
the  substrate.  The  formation  of  a  fine  grain  coating  structure  is  therefore  an 
important  consideration  in  the  selection  of  a  suitable  coating  process. 

Four  types  of  coating  process  and/or  surface  treatment  are  being  considered 
(Table  1). 


LIQUID  PHASE  ELECTRODEPOSITION 

Conventional  hard  chromium  plate  will  almost  certainly  be  used  in  the  UK  to 
protect  the  bores  of  the  next  generation  of  tank  guns.  The  limitations  of  HC 
chromium  as  an  erosion  resistant  coating  have  been  investigated  and  the  failure 
modes  observed  (Fig  1)  seem  to  be  due  to  the  high  crack  density  and  residual 
stresses  present  in  this  particular  coating  (^). 

An  experimental  coating  rig  using  a  vertical  barrel  section  is  being  set  up  to 
determine  the  effects  of  current  density,  electrolyte  temperature  and  flow, 
entrained  hydrogen  etc  on  coating  structure  under  carefully  controlled  conditions. 
This  work  will  include  the  deposition  of  substantially  crack-free  chromium  (LC) 
and  the  Interrupted  deposition  technique  will  also  be  investigated. 
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There  are,  several  fused  salt  electrolyte  systems  which  may  be  used  to  deposit  a 
far  larger  range  of  metals  than  is  available  from  aqueous  electrolytes.  Initially 
the  molten  fluoride  (FLiNaK  eutectic)  system  was  used  to  deposit  tantalum  at 
temperatures  around  700“ C  but  the  results  were  disappointing.  This  electrolyte 
is  difficult  to  use  since  even  minute  traces  of  moisture  have  an  adverse  effect 
and  it  has  now  been  ruled  out  because  of  operating  temperature  requirements. 

Two  relatively  low  temperature  systems  (<600“C)  are  now  being  Investigated  which 
show  promise  for  the  deposition  of  refractory  metals  (Cr,  Ta  etc).  The  first  of 
these  being  developed  at  Imperial  College,  uses  a  eutec^c  alkali  metal  chloride 
electrolyte  (LiCl,  KCl)  to  deposit  chromium  from  the  Cr  ion  at  470  C.  Smooth 
fine  grain  adherent  coatings  about  30ym  thick  have  been  produced  on  small  flat 

plates. 

The  second  system  operates  at  an  even  lower  temperature  «200  C)  with  a  molten 
eutectic  alkali  metal  thiocynate  system  which  has  been  developed  by  the  Wolfson 
Centre  for  Electrochemical  Science  at  Southampton  University.  Preliminary  work 
is  aimed  at  identifying  the  various  ionic  species  that  may  be  exploited  in  any 
electrodeposition  process  for  metals  of  interest  and  in  using  additives  (eg 
cyanates  and  urea)  to  improve  electrolyte  stability. 

VAPOUR  DEPOSITION 

Vapour  deposition  processes  may  be  subdivided  into  physical  vapour  deposition 
PVD  and  chemical  vapour  deposition  CVD,  which  were  developed  from  the  original 
vacuum  evaporation  and  hot  wire  pyrolysis  techniques  by  applying  modern  vacuum 
technology  and  utilising  low  pressure  plasma  discharges  as  a  convenient  means  of 

energy  exchange. 


PHYSICAL  VAPOUR  DEPOSITION 

The  sputtering  process  using  a  co-axial  target  electrode  seems  to  be  particularly 
suitable  for  coating  the  Inside  of  tubes.  The  process  relies  on  bombarding  the 
target  with  energetic  gas  ions  (usually  argon  from  a  glow  discharge)  so  that  small 
fragments  are  ejected  and  deposited  on  nearby  substrates.  The  process  may  be 
conveniently  combined  with  sputter  cleaning  of  the  substrate  in  the  glow  discharge 
prior  to  coating,  although  in  the  tubular  geometry  of  the  gun,  impurities  tend  to 
be  transferred  to  the  target  and  then  back  to  the  barrel  during  coating.  Electro¬ 
polishing  seems  to  be  a  good  preliminary  surface  cleaning  treatment  to  use;  it 
also  radiuses  slightly  the  corners  of  the  lands  which  is  beneficial  in  avoiding 
folds  and  other  defects  in  the  coating. 

An  important  development  which  differentiates  it  from  the  original  technique  is 
the  application  of  a  small  negative  bias  (about  150v)  to  the  substrate  which 
attracts  some  ions  from  the  plasma  during  the  deposition  process  (  ).  These  and 
probably  other  excited  species  from  the  plasma  interact  at  the  substrate  during 
deposition  and  tend  to  produce  a  more  coherent,  finer  grained  coating  structure 
than  conventional  sputtering.  However  because  the  electric  field  intensity  is 
significantly  different  across  the  rifling  (lands,  grooves  and  land  sides),  with 
a  corresponding  variation  in  the  intensity  of  the  ion  bombardment,  there  is  some 
variation  in  coating  structure. 
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Work  on  the  sputter  coating  of  SOmrn  RARDE  barrel  sections/liners  for  firing 
trials  is  complicated  by  the  small  bore  diameter  which  creates  design  problems. 

In  order  to  obtain  adequate  throwing  power  it  is  necessary  to  use  comparatively 
gas  pressures  (~0.3mbar)  which  lead  to  a  rapid  heat  build  up.  Tungsten 
and  tantalum  coatings  have  been  produced,  but  adhesion  was  poor  due  to  the  forma¬ 
tion  of  a  thin  brittle  iron  oxide  layer  on  the  substrate  during  sputter  cleaning. 
Work  is  in  hand  to  investigate  the  use  of  argon  hydrogen  mixtures  to  minimise 
oxide  formation  and  to  improve  substrate  cooling. 

The  columnar  growth  structure  of  homogeneous  vapour  deposited  coatings  is 
known  to  be  related  to  self  shadowing  effects  during  deposition,  associated  with 
the  uniform  size  of  the  deposited  particles.  It  has  been  shown  that  alloy  coat 
ings  containing  roughly  equal  proportions  of  tantalum  and  tungsten  have  signifi¬ 
cantly  improved  coating  structures  as  compared  to  single  component  coatings. 

The  target  used  consisted  of  a  bundle  of  1mm  thick  tungsten  and  tantalum  rods. 

A  120ram  Chieftain  tank  barrel  is  6.60m  long  and  weighs  over  lOOOKg  and  therefore 
because  of  its  size  must  serve  as  its  own  vacuum  chamber.  A  pilot  scale  plant  is 
being  constructed  so  that  the  barrels  can  be  processed  in  the  vertical  position 
with  end  flanges  supporting  a  central  electrode.  A  study  of  the  glow  discharge 
characteristics  within  a  120mm  barrel  is  being  made  and  it  has  been  proved 
necessary  to  utilise  power  sources  fitted  with  arc  suppression.  A  study  of 
sputtering  deposition  using  RF  techniques  inside  an  unrifled  120mm  cylinder  with 
a  removable  test  section  is  underway  at  Salford  University.  Experiments  have 
been  carried  out  using  a  variety  of  shaped  central  target  electrodes  (screw 
thread,  multirod)  but  the  deposition  rates  obtained  were  low  ^lym  per  hour). 

DC  sputtering  work  on  smooth  bore  and  on  rifled  120mm  barrel  sections  has  also 
been  carried  out  at  AERE  using  a  central  tungsten  target  electrode  with  a  small 
negative  bias  applied  to  the  barrel.  Attempts  were  made  to  increase  the  deposi¬ 
tion  rate  towards  lym  per  hour  by  using  various  target  geometries.  An  open  cage 
of  rods  placed  on  the  circumference  of  a  circle  80mm  in  diameter  has  been  particu¬ 
larly  successful.  This  design  uses  the  hollow  cathode  effect  to  stabilise  and 
intensify  the  plasma  discharge  over  a  wide  range  of  operating  pressures  and  ion 
currents. 

Ion  plating  and  reactive  ion  plating  processes  were  developed  by  combining 
evaporation  (from  an  electron  beam  hearth  for  refractory  metals)  with  ion  bombard¬ 
ment  of  the  substrate  during  deposition.  As  before  the  ions  (usually  argon)  are 
derived  from  a  low  pressure  glow  discharge,  but  by  introducing  a  reactive  gas 
compounds  may  be  deposited  (eg  nitrides  by  introducing  nitrogen).  Since  only  a 
limited  degree  of  scattering  of  the  evaporant  occurs,  the  process  does  not  have 
enough  throwing  power  to  coat  the  Inside  of  a  gun  tube  without  moving  the  electron 
beam  hearth  along  the  barrel  axis.  This  does  not  seem  to  be  feasible  at  present. 

CHEMICAL  VAPOUR  DEPOSITION 

This  technique  uses  a  volatile  metallic  compound,  which  is  pyrolysed  or  reduced 
(usually  by  hydrogen),  to  produce  a  coating  on  a  heated  substrate.  The  flow 
system  used  is  particularly  suitable  for  gun  tubes  and  there  seems  to  be  no 
limitation  imposed  by  the  throwing  power  of  the  process. 
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The  deposition  of  tungsten  from  tungsten  hexafluoride  WF5  on  gun  steel  substrates 
has  been  studied  at  the  Fulmer  Research  Institute  at  temperatures  around  500®C, 

The  coatings  obtained  were  very  crystalline  and  attempts  to  refine  the*  grain 
structure  by  co-depositing  tungsten  carbides  were  not  successful.  Recently,  non* 
crystalline  coatings  of  tantalum,  molybdenum  and  niobium  have  been  obtained  by 
reduction  of  the  appropriate  chloride  at  temperatures  above  600®C.  The  chloride 
is  prepared  immediately  before  use  by  passing  chlorine  over  the  metal  at  a  temper¬ 
ature  of  about  500°C.  The  conditions  required  to  deposit  these  metals  are  simi¬ 
lar,  so  that  alloy  deposition  should  be  feasible. 

A  particular  disadvantage  of  thermally  activated  CVD  processes  is  the  requirement 
for  substrate  heating.  An  interesting  development  is  to  repeat  what  has  been 
done  with  PVD  processes  and  use  a  plasma  derived  from  a  glow  discharge  to  supply 
energy  to  decompose  or  reduce  the  metallic  volatile.  Such  a  procedure  confers 
many  of  the  advantages  of  PVD  processes  including  sputter  cleaning,  yet  retains 
the  high  throwing  power  capability  of  CVD.  Thin  coherent  coatings  of  molybdenum 
and  tungsten  have  been  produced  by  this  technique  on  small  flat  plates,  using 
the  metal  hexacarbonyls  which  were  evaporated  from  a  hot  water  heated  crucible 
into  a  hydrogen/helium  plasma.  Carbon  contamination  of  the  coatings  can  be 
reduced  by  the  addition  of  small  quantities  of  water  vapour  to  the  gas  stream. 

A  study  of  the  glow  discharge  assisted  decomposition  of  titanium  tetrachloride 
vapour  at  Southampton  University  has  shown  that  the  metal  deposition  rate  is  a 
function  of  the  plasma  electron  temperature  and  therefore  deposition  may  be 
explained  solely  by  regarding  the  plasma  as  an  energy  exchange  medium. 

THERMAL  SPRAY  TECHNIQUES 

Plasma  spraying  is  generally  more  satisfactory  than  oxy-fuel  gas  spraying  in 
producing  dense  carbon  free  coatings,  but  even  so  some  porosity  is  likely.  A 
short  section  of  120mm  barrel  has  been  plasma  sprayed  with  tungsten  using  an 
external  gun  with  a  coating  flux  incidence  angle  of  45®.  Fitments  are  available 
to  plasma  spray  at  near  normal  incidence  inside  a  120mm  barrel  and  recently  low 
pressure  spraying  in  an  inert  atmosphere  has  been  shown  to  produce  coatings  of 
superior  quality,  but  as  yet  this  process  is  not  available  in  the  UK.  The  flame 
detonation  process  has  produced  promising  coatings  on  small  flat  plates  but  is 
not  suitable  for  the  coating  of  internal  surfaces.  At  present,  it  seems  unlikely 
that  thermal  spray  techniques  as  such  are  capable  of  producing  coatings  of  suffi¬ 
cient  quality  and  consistency  for  use  inside  gun  barrels. 

SURFACE  MODIFICATION  TECHNIQUES 

These  may  be  divided  into  two  main  types,  namely  those  which  are  concerned  with 
treating  gun  steel  substrates  and  those  which  modify  the  structure  of  predeposi¬ 
ted  coatings. 
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GUN  STEEL  SURFACE  MODIFICATION 


Since  the  steel  itself  is  already  in  an  optimum  physical  state  controlled  to  a 
large  extent  by  its  composition  and  pretreatment,  any  modification  technique 
must  seek  to  alter  the  chemical  composition  of  the  surface  layers  only,  so  as 
to  produce  enhanced  erosion  resistance.  A  number  of  diffusion  techniques  are 
available  in  which  nitrogen,  carbon,  boron  etc  penetrate  the  steel  surface  and 
react  with  it  giving  very  hard  diffusion  bonded  surface  deposits  with  enhanced 
hardness  and  frictional  wear  resistance.  Processes  such  as  plasma  nitriding 
(boriding,  carburizing  etc)  do  not  significantly  alter  the  dimensions  of  treated 
components  and  substrate  heating  is  not  a  problem,  but  unfortunately  most  of 
these  coatings  are  too  thin  «10)jm).  In  order  to  utilise  the  properties  of 
stable  refractory  nitrides  eg  titanium  nitride  TiN,  which  has  been  shown  to 
possess  useful  erosion  resistant  properties,  predeposited  ion  plated  titanium 
coatings  were  diffused  into  steel  substrates  at  700“C  prior  to  nitriding.  However 
the  diffusion  of  titanium  inwards  was  restricted  by  the  formation  of  the  interme- 
tallic  phase  Fe2Ti  and  it  has  not  been  possible  to  produce  satisfactory  diffused 
coatings  of  titanium  nitride. 

It  is  possible  to  obtain  much  greater  substrate  penetration  by  ion  implantation 
techniques,  although  unlike  the  plasma  process  ion  implantation  is  very  much  a 
line  of  sight  process.  Small  ion  sources  have  recently  been  developed  by  AERE 
capable  of  treating  the  insides  of  tubes  down  to  about  75inm  diameter.  Nitrogen 
implantation  of  low  carbon  steel  results  in  enhanced  hardness  and  frictional 
wear  properties  and  there  is  evidence  that  implanted  nitrogen  is  not  present 
Initially  as  a  separate  nitride  phase  but  in  the  atomic  state.  The  atomic  nitro¬ 
gen  migrates  along  substrate  dislocations  so  that  mechanical  properties  Improve 
on  ageing.  Of  greater  Interest  is  the  possibility  of  implanting  metallic  ions 
such  as  yttrium  and  chromium  together  with  nitrogen  possibly  underneath  coatings. 

COATING  MODIFICATION 

There  are  certain  readily  applicable  coating  processes  (in  particular  plasma 
spraying  and  electrodeposition)  which  produce  refractory  metal  coatings  with 
defective  features  such  as  microcracks  or  porosity.  There  is  evidence  that  the 
structure  of  these  coatings  could  be  radically  improved  by  exposure  to  fast  high 
intensity  thermal  treatments  which  transform  the  coating  structure  but  leave  the 
substrate  largely  unaffected.  Promising  techniques  include  scanning  the  coated 
surface  with  laser  or  electron  beams  or  by  exposure  to  a  sufficiently  energetic 
plasma. 

Laser  glazing  studies  of  electrodeposited  chromium  coatings  at  Imperial  College 
have  been  carried  out  in  an  argon  atmosphere  inside  a  glove  box  to  prevent 
embrittlement  of  the  chromium  by  nitrogen.  By  varying  the  laser  energy,  spot 
size  and  traverse  rate  it  is  possible  to  obtain  partial  melting  of  the  coating 
and  a  limited  degree  of  diffusion  of  chromium  into  the  substrate  occurs.  The 
annealed  chromium  layer  produced  is  softer,  contains  far  fewer  cracks  than 
originally,  also  the  coating  is  bonded  to  the  substrate  by  diffusion.  However  a 
well  defined  heat  affected  zone  is  produced  underneath  the  diffused  zone,  which 
is  harder  than  the  original  gun  steel  and  may  well  be  more  susceptible  to  ther¬ 
mally  induced  fatigue  failure  leading  to  the  formation  of  microcracks. 


IV-349 


The  glazing  of  stub  30inin  chrome  plated  barrels  for  subsequent  firing  is  now  being 
attempted  (Fig  2).  It  is  probably  not  necessary  to  glaze  the  entire  rifled 
profile  of  a  barrel  and  only  those  regions  of  the  coating  that  have  been  shown  to 
be  most  likely  to  fail  (viz  land  corners)  will  be  glazed  initially* 

Since  the  erosion  mechanisms  observed  in  both  coated  and  uncoated  gun  barrels 
often  seems  to  be  associated  with  the  formation  and  growth  of  cracks  of  some  kind, 
the  presence  of  an  amorphous  layer  on  the  bore  surface  could  be  an  effective  crack 
barrier*  Cambridge  University  have  developed  amorphous  metallic  glasses  based  on 
gun  steel  alloys  containing  carbon,  phosphorus  and/or  boron  additions,  which  may 
be  obtained  in  ribbon  form  by  splat  cooling  ('^lO^  deg/s)*  Small  coated  steel 
samples  with  an  amorphous  surface  have  been  prepared  by  exposing  clad  or  plasma 
sprayed  coatings  to  electron  beam  treatment  in  vacuo*  The  cladding  process  is 
clearly  impracticable  inside  tubes  and  plasma  sprayed  coatings  contain  trapped 
gases  which  are  released  on  exposure  to  the  electron  beam  with  disruptive  results. 

Attempts  have  been  made  to  sputter  suitable  alloy  coatings  and  these  have  been 
shown  to  be  partly  amorphous  in  the  as  deposited  state*  Work  is  continuing  to 
obtain  thicker  coatings*  Unfortunately  the  amorphous  alloys  so  far  investigated 
contain  elements  such  as  phosphorus,  which  react  with  hot  propellant  gases.  Other 
less  reactive  alloy  systems  are  being  investigated  and  the  possibility  of  using 
ion  implantation  to  produce  these  in  situ  on  the  bore  surface  is  being  considered* 

ASSESSMENT  TECHNIQUES 

A  number  of  small  scale  assessment  techniques  have  been  developed  in  order  to 
determine  the  comparative  erosion  resistance  of  test  coatings*  The  standard 
chosen  for  comparison  has  been  an  electrodeposited  chromium  coating  of  comparable 
thickness*  The  techniques  used  include  traversing  a  plasma  torch  across  a  4cra 
square  flat  coated  gun  steel  sample,  eroding  a  coated  nozzle  sample  with  a  jet 
of  propellant  gas  and  firing  out  a  coated  30mra  stub  RARDEN  barrel  under  erosive 
conditions  (^).  The  thin  layer  activation  technique  has  been  used  to  determine 
erosion  rates  after  just  a  few  firings. 

Recently  the  development  of  a  30inm  liner  system  has  started*  This  will  be  used 
to  determine  the  in~bore  performance  of  coatings  produced  by  high  temperature 
processes  Q>500®C)  including  fused  salt  electrodeposition  and  CVD* 
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TABLE  1.  POTENTIAL  COATING  PROCESSES  AND  SURFACE  TREATMENTS 


Type 

Process 

Typical  Coating 
Structure 

Remarks 

Liquid  Phase 
Electro¬ 
deposition 

Hard  Chrome  Plating 

Microcracked 

In  use 

Soft  Chrome  Plating 

Fewer  cracks 

Fused  Salt 
Deposition 

Diffused  at 
high  tempera¬ 
tures 

Temperature 

limitation 

Physical  Vapour 
Deposition  PVD 

Sputter  Ion  Plating 

Variable 

RHHI 

Ion  Plating 

Variable 

)Point 
) source 
)limitation 

Reactive  Ion 

Plating 

Variable 

Chemical  Vapour 
Deposition  CVD 

Thermally  Induced 

Columnar 

Temperature 

Limitation 

Plasma  Activated 

? 

Promising 

Thermal  Spray 
Techniques 

Porous 

Unlikely 

Detonation  Gun 

Dense 

Very  direc¬ 
tional 

Surface  Modifi¬ 
cation 

Techniques 

Plasma  Nitriding 

Diffused 

Not  suitable 

Ion  Implantation 

Diffused 

7 

Laser  Glazing 

Variable 

Promising 

Amorphous  Coatings 

Resistant 
coating  devel¬ 
opment  needed 
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ABSTRACT 


The  feasibility  of  densifying  plasma  sprayed  refractory 
metal  coatings  on  4340  steel  by  means  of  a  15kW  CO^  laser 
was  investigated.  The  coating  metals  included  tantalum, 
Ta-lOW,  molybdenum  and  columbium  alloys  WC103  and  WC3015 
Although  density  was  significantly  improved,  full  densifi- 
cation  with  minimal  dilution  of  substrate  was  not  achieved. 
It  may  be  possible  to  overcome  the  problem  by  improving 
the  protective  atmosphere  used  during  processing  and  by 
laser  processing  the  refractory  metals  in  powder  form 
directly  on  the  surface  rather  than  as  a  plasma  sprayed 
layer.  Laser  processing  of  Stellite  12  powders  was 
successful.  Recent  results  of  efforts  to  electrodeposit 
niobium,  tungsten  and  molybdenum  from  molten  salts  were 
presented . 


INTRODUCTION 


The  Army  has  a  continuing  need  for  improved  methods  of  minimizing  erosion  and 
extending  the  life  of  long  range  cannon  because  of  problems  associated  with  the 
upgrading  of  field  guns,  reducing  the  variety  of  different  items  in  supply  and 
lowering  overall  costs\  Although  the  NMAB  review  recognized  that  the  problem: 
of  gun  tube  erosion  has  to  some  measure  been  alleviated,  the  board  stated  that 
there  was  no  implicit  assurance  that  advanced  gun  systems  could  be  designed 
with  acceptable  wear  life,  based  on  current  state»-of-art .  Efforts  to  promote 
a  better  understanding  of  the  mechanism  of  gun  erosion  was  recommended. 

Erosion  of  gun  tubes  is  a  complex  problem  which  spans  the  sciences  of  metall¬ 
urgy,  chemistry,  physics  and  mechanics.  Research  efforts  must  be  designed  to 
recognize  the  multidisciplinary  nature  of  the  problem.  However,  the  NMAB 
concluded  that  an  improved  understanding  of  the  complex  erosion  phenomenon 
will  not  be  achieved  through  purely  analytical  treatments.  Rather,  any  pre¬ 
dictive  models  developed  would  necessarily  be  mainly  empirical. 

Further  a  multi-faceted  study  of  the  erosion  problem  was  suggested  which 
included  the  following  factors:  1.  Test/scale-up,  2,  Eros ion rr educing  addi¬ 
tives,  3.  Propellant  composition,  4.  Rotating  band  materials,  5.  Insulation/ 
Lubrication,  6.  Wear-resistant  inserts,  7,  Cooling,  and  8.  Protective  surface 
coatings. 
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Characteristics  required  of  candidate  coating  materials  include:  high  melting 
point  (>1534^C),  chemical  inertness  to  propellant  by-products,  high  thermal 
ductility  and  fracture  toughness,  fabricability  and  economic  availability. 
Additional  requirements  include  good  adhesion  and  thermal,  mechanical  and 
metallurgical  compatibility  with  gun  steels. 

Many  conventional  techniques  are  available  for  producing  coatings  on  steel 
substrates  including  electroplating,  diffusion  (e.g.,  carbiding,  chromizing, 
nitriding  and  metalliding) ,  hot  dip,  vapor  deposition  Ce*g*»  sputtering  and 
glow  discharge)  and  thermal  spray  processes  (e.g.,  arc  plasma,  oxyacetylene 
and  detonation) . 

A  cursory  review^  of  the  available  techniques  indicated  that  the  following 
processes  can  meet  the  requirements  for  coating  a  gun  tube:  1.  Electroplating, 
2.  Thermal  spray,  3.  Sputtering,  4.  Chemical  vapor  deposition.  Electroplating 
is  being  economically  used  on  a  large  scale.  Unfortunately,  many  promising 
materials  such  as  Mo,  W,  Cb  and  Ta  can  not  be  electrodeposited  in  aqueous 
solutions.  But  electrodeposition  of  refractory  metals  from  fused  salt  baths 
is  feasilbe.  Plasma  arc  spraying  methods  can  be  used  to  apply  most  materials 
in  a  gun  tube  provided  the  diameter  is  large  enough  to  accomodate  the  torch 
unit.  Sputtering  can  produce  execellent  coating-substrate  systems.  But  this 
method  is  not  economically  feasible  for  large  gun  tubes  because  of  limited 
capabilities  for  producing  thick  coatings,  Chemical  vapor  deposited  coatings 
generally  require  unacceptable  heating  of  the  steel  substrate  to  achieve  a 
good  bond.  Therefore,  electrodeposition  and  plasma  arc  spray  techniques  appear 
to  be  the  more  promising  of  the  conventional  coating  processing  techniques  for 
applying  candidate  coatings  to  gun  tubes. 

The  objective  of  this  study  is  to  develop  protective  surface  coatings  capable 
of  increasing  the  service  life  of  gun  barrels  by  investigating  and  optimizing 
coating  processing  techniques  and  new  coating  systems  with  erosion  resistant 
potentials.  Initial  studies  were  conducted  with  high  temperature  materials 
(melting  point  greater  than  gun  steel)  applied  by  (I)  the  plasma  arc  process 
and  (11)  fused  salts  electrodeposition.  The  feasibility  of  minimizing  or 
mitigating  porosity  inherent  in  the  layers  of  plasma  sprayed  refractory  metals 
on  gun  steel  using  a  large  industrial  laser  was  investigated. 


I.  LASER  DENSIFIED  PLASMA  SPRAY  COATINGS 
MATERIALS  AND  PROCEDURES 


The  metals  and  alloys  selected  for  this  study  were  tantalum,  Ta-lOW, 
molybdenum  and  the  columbium  base  alloys  WC  103  and  WC  3015.  These  alloys  ^ 
were  selected  in  order  to  give  a  range  of  melting  points  from  a  high  of  2995  C 
for  tantalum  to  approximately  2468°C  for  WC  103  and  WC  3015.  Pure  columbium 
metal  was  not  included  in  this  study,  because  laser  processing  of  plasma 
sprayed  columbium  had  been  investigated  in  an  earlier  limited  program  .  In 
that  investigation,  it  was  shown  to  be  possible  to  obtain  densif ication  of 
plasma  sprayed  columbium  on  SAE4340  substrates,  but  complete  melting  of  the 
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Cb-layer  could  not  be  achieved  without  damage  to  the  substrate.  Laser  process¬ 
ing  electroplated  chromium  on  4340  samples,  for  the  purpose  of  consolidation, 
surface  melting  and  substrate  hardening  had  also  been  performed  earlier  .  It 
was  found  that  chrome  plated  steel  could  be  laser  hardened,  but  blistering  and 
softening  of  the  chromium  took  place.  Chromium  was  therefore  not  considered 
in  this  work.  However,  it  was  decided  to  include  a  lower  melting  commercial 
hardfacing  alloy  with  good  high  temperature  hardness  and  erosion  resistance. 
Stellite  12  was  selected  for  this  purpose. 

Originally,  it  was  planned  to  include  tungsten  in  the  program,  but  the  very  high 
melting  point  of  tungsten  C341cPc),  well  above  themelting  point  of  steel 
(1534® C) ,  would  have  made  it  impossible  to  obtain  laser  cladding  by  melting 
or  densif ication  of  plasma  sprayed  tungsten  without  collapse  of  the  4340  steel 
substrate. 

The  compositions  of  the  six  materials  studied  are  listed  in  Table  I ,  The 
specimens  for  laser  processing  were  prepared  by  plasma  spraying  these  materials 
on  hardened  4340  steel  substrates  measuring  4"  X  4*’  X  1/2”.  The  specimen 
preparation  was  performed  by  AMMRC  using  a  Metco  type  3MB  plasma  flame  spray 
gun.  The  plasma  spray  parameters  are  summarized  in  Table  II. 

All  laser  processing  was  performed*  on  an  Avco  HPL  15  kW,  CO^j,  laser  with 
continuous  wave  output.  A  focused  laser  beam  with  a  nominal  diameter  of  0,05" 
(0.127  cm)  in  the  focal  plane  was  used  for  processing  the  samples.  This  spot 
was  scanned  back  and  forth  in  a  direction  normal  to  the  processing  direction 
by  means  of  an  oscillating  copper  mirror.  The  frequency  of  oscillation  was 
42  Hz  and  the  amplitude  could  be  varied  from  0.5"  (l.p  cm)  to  0.25” 

(0.635  cm).  In  this  manner,  a  rectangular  laser  spot  with  length  0.05' 

(0.127  cm)  in  the  processing  direction  and  a  width  equal  to  the  amplitude  of 
oscillation  could  be  generated  in  the  focal  plane. 


The  specimens  were  mounted  on  a  motor  driven  slide  inside  a  metal  enclosure  as 
shown  in  Fig.  1.  This  enclosure  was  evacuated  prior  to  laser  processing  by 
means  of  a  rotary  vacuum  pun^),  and  backfilled  with  welding  grade  argon  gas. 

The  laser  beam  entrance  port  on  top  of  the  enclosure  was  closed  during  evacua¬ 
tion  and  opened  just  prior  to  start  of  processing.  In  order  to  reduce  the 
influx  of  air  into  the  enclosure,  the  argon  gas  atmosphere  was  kept  streaming 
to  the  enclosure  at  a  slight  over-pressure.  But  some  contamination  by  oxygen 
and  nitrogen  was  unavoidable. 

The  specimens  were  laser  processed  by  moving  them  at  a  pre-set  speed  under  the 
stationary  laser  beam.  In  this  way,  a  strip  of  laser  processed  material  across 
the  specimen,  equal  to  the  width  of  the  beam,  could  be  obtained. 


*Laser  processing  work  was  performed  by  Ole  Sandven  at  AVCO  Everett  Research 
Laboratory,  Everett,  MA  02149,  Contract  No.  DAAG  .46.,80-C-0044 
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After  each  run,  the  specimen  was  allowed  to  cool,  and  the  enclosure  was  then 
re-evacuated  and  backfilled  with  fresh  argon  gas  before  the  next  run.  Several 
runs  could  be  made  on  each  specimen  for  the  purpose  of  determining  the  most 
suitable  processing  parameters. 

The  cladding  of  the  4340  steel  samples  with  Stellite  12  was  less  difficult 
and  was  performed  with  the  arrangement  shown  in  Fig.  2.  In  this  set-up,  a 
0.5"  X  0.5"  (127  cm  X  127  cm)  laser  spot  was  generated  on  the  specimen  surface 
by  means  of  an  optical  integrator.  During  the  initial  processing  runs  with  this 
equipment,  plasma  sprayed  specimens  were  used,  but  excessive  oxidation  occurred. 
In  later  work,  the  Stellite  material  was  applied  to  the  substrate  surface  in 
the  form  of  loose  powder  by  means  of  an  automatic  powder  feeder.  This  proved 
much  more  satisfactory,  and  thick  continuous  laser  cladding  without  visible 
oxide  formation  could  be  obtained.  In  all  processing  of  Stellite  the  reaction 
zone  was  protected  by  an  off-axis  argon  jet  operating  with  a  flow  rate  of 
12.5  ft  3/hr  (103cc/sec)  . 

Metallographic  specimens  were  prepared  from  the  laser  processed  samples  by  making 
cuts  normal  to  the  processing  direction.  The  refractory  metal  specimens  were 
not  etched,  because  the  etchtant  needed  to  reveal  the  structure  of  these  metals, 
tended  to  attack  the  substrate  severely. 

The  Stellite  12  cladded  samples  were  etched  in  Glyceregia  (30cc  Glycerol, 

25cc  HCl,  lOcc  HNO3)  followed  by  immersion  in  Murakami's  etchtant  (lOg 
K3Fe(CN)6,  lOg  KOH  in  lOOcc  H2O) . 

Metallographic  inspection  of  the  specimens  were  performed  by  AVCO  with  a  Leitz 
metallograph  and  hardness  measurements  were  carried  out  by  means  of  a  Wilson 
Knoop  microhardness  tester,  using  a  500g  load.  Hardness  measurements  were 
made  at  0.005"  intervals  from  the  surface.  The  observed  Knoop  hardness 
numbers  (KHN)  were  translated  to  Rockwell  C  units  (R^)  by  means  of  standard 
tables. 


RESULTS 


MOLYBDENUM  A  total  of  30  test  runs  were  performed  at  power  densities  ranging 
from  168  kW/in^  (26.0  kW/cm^)  to  440  kW/in^  (68.2  kW/cm^) .  The  range  of 
processing  speed  was  from  4  to  35  in/min  (0.17  to  1.48  cm/ sec) .  The  corre¬ 
sponding  dwell  time,  that  is,  the  time  a  given  spot  on  the  surface  is  exposed 
to  the  laser  beam  was  0.17  sec  to  1.50  sec.  It  proved  difficult  to  obtain 
consistent  results,  particularly  at  the  higher  processing  speed.  This  was 
apparently  caused  by  variation  in  laser  energy  absorption  from  specimen  to 
specimen  and  even  from  one  area  to  another  on  the  same  specimen.  Porosity  was 
observed  in  all  cases  regardless  of  processing  speed  and  a  suitable  set  of 
processing  parameters  could  not  be  established  for  molybdenum.  Figure  3  shows 
the  extensive  porosity  present  at  the  interface  after  slow  laser  processing. 

TANTALUM  A  total  of  50  test  runs  were  completed  on  tantalum,  The  range  of 
power  density  was  from  168  to  440  kW/in^  (26,0  to  68,2  kW/cm^)  at  a  pro¬ 
cessing  speed  range  from  6  to  40  in/min  (0.25  to  1,69  cm/ sec) ,  The 


corresponding  range  of  dwell  time  was  from  0,15  to  1  sec.  Again,  variation 
of  absorptivity  was  apparent,  as  was  the  case  with  all  plasma  sprayed  material 
tested.  Nevertheless,  significant  densif ication  could  be  obtained  at  high 
power  and  speed  levels  as  shown  in  Fig.  4,  At  lower  power  and  speed,  deep 
inmelting  and  alloying  with  the  substrate  occurred  as  shown  in  Fig.  5.  At 
medium  power  and  speed,  considerable  melting  took  place  but  extensive  porosity 
was  observed  at  the  interface.  The  hardness  profile  obtained  under  these  con¬ 
ditions  is  shown  in  Fig.  6.  The  high  hardness  of  the  tantalum  surface  layer 
indicates  a  high  level  of  impurities  due  to  contamination  by  the  ambient 
atmosphere  during  processing. 

Ta-lOW  A  total  of  37  test  runs  were  made  on  this  material  with  processing 
parameters  ranging  from  110  to  440  kW/in^  (17.0  to  68,2  kW/cm^)  in  power 
density,  and  with  processing  speed  levels  from  9  to  30  in/min  (0.38  to  1.27 
cm/ sec) .  The  range  of  dwell  time  was  0.2  to  0.67  sec.  In  Ta-lOW,  surface 
melting  could  be  obtained,  but  again  with  formation  of  large  pores  at  the  melt- 
solid  interface  (Fig.  7).  Processing  at  lower  speed  resulted  in  massive  void 
formation  and  partial  collapse  of  the  substrate  surface.  The  hardness  profile 
obtained  indicates  a  high  level  of  impurities. 

WC  103  Fifty  test  runs  were  made  on  WC  103  in  order  to  establish  optimum 
processing  parameters.  The  test  parameters  ranged  from  172  to  440  kW/in 
(42.1  to  68.2  kW/cm^)  for  power  density,  10  to  45  in/min  (0.42  to  1.91  cm/sec) 
for  processing  speed,  and  0.13  to  0.6  sec  for  dwell  time.  At  low  processing 
speed,  extensive  alloying  with  the  substrate  material  occurred,  as  shown  in 
Fig.  8.  At  higher  speed  the  resulting  structure  retained  same  porosity. 

However,  considerable  densif ication  did  occur  as  indicated  in  Fig.  9  showing 
laser  processed  material  on  the  right  and  uprocessed,  plasma  sprayed  material 
on  the  left.  The  hardness  of  the  alloy  layer  is  not  as  high  as  for  tantalum 
and  Ta-lOW,  but  some  contamination  is  still  indicated  by  the  magnitude  of  the 
hardness  and  its  variation  form  spot  to  spot . 

WC  3015  About  forty  test  runs  were  made  on  WC  3015  with  power  densities  in 
the  range  156  to  432  kW/in^  (24  to  67  kW/cm^)  and  processing  speed  varying 
from  20  to  70  in/min  (0.82  to  2.96  cm/sec) ,  with  corresponding  dwell  times  in 
the  range  0.09  to  0.3  sec.  At  low  processing  speed,  extensive  alloying  with 
the  substrate  occurred  with  concomitant  improvement  in  density.  At  higher 
speed,  no  power  setting  could  be  found  that  resulted  in  any  visible  effect  on 
the  plasma  sprayed  material  without  damaging  the  substrate.  A  hardness  of 
66  was  found  for  the  bulk  of  the  WC  3015  alloy. 

STELLITE  12  The  processing  of  this  material  was  performed  with  the  system 
shown  in  Fig.  2.  The  optimum  processing  parameters  were  determined  to  be 
38.8  kW/in^  (6  kW/cm^)  at  a  processing  speed  of  20  in/min  (0.85  cm/sec)  with 
a  corresponding  dwell  time  of  1.5  sec.  At  these  parameters,  dense,  pore  free 
deposits  with  a  thickness  of  0.07"  (0.178  cm)  could  be  obtained.  By  overlapping 
consecutive  runs,  a  continuous  clad  layer  could  be  obtained  as  shown  in  Fig.  10, 
The  hardness  of  the  Stellite  layer  was,  as  expected,  around  50.  The  slight 
drop  in  hardness  at  the  interface  showed  that  the  dilution  of  the  Stellite 
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layer,  by  substrate  melting,  was  very  slight.  Table  III  summarizes  the  para¬ 
meters  employed  for  laser  densif ication  of  each  material  and  lists  the  optimum 
parameters  developed  for  maximum  density  and  minimum  dilution  of  substrate. 


SUMMARY  AND  CONCLUSIONS 


The  cladding  of  SAE4340  steel  with  Stellite  12,  yielded  the  best  results. 

Little  dilution  (inmelt  into  the  substrate) ,  good  bonding  and  satisfactory 
hardness  of  the  cladded  layer  were  obtained.  By  overlapping  adjacent  individual 
laser  runs  by  approximately  50%,  it  was  possible  to  obtain  a  continuous  clad 
layer  over  the  entire  4"  X  4"  (10.2  X  10.2  cm)  sample  surface  area. 

The  results  of  the  laser  processing  of  the  refractory  metals/alloys  show  that 
true  laser  cladding  of  steel  substrates  with  these  materials  is  very  difficult 
to  achieve  (full  density  with  minimal  dilution  of  substrate)  due  to  the  re¬ 
activity  of  the  materials  and  to  the  great  difference  in  melting  points  between 
the  cladding  materials  and  the  steel  substrate.  Considerable  densif ication  of 
the  plasma  sprayed  refractory  metal  surface  layers  could  be  obtained,  but 
attempts  to  fully  melt  the  surface  layers  resulted  in  damage  to  the  substrate 
or  alloying  between  substrate  material  and  the  cladding  material.  Some  poros¬ 
ity  was  also  evident  when  melting  of  the  plasma  sprayed  surface  layer  occurred. 
Another  problem  encountered  in  the  laser  processing  of  the  refractory  materials, 
was  contamination  by  oxygen  and  nitrogen  from  the  processing  atmosphere.  This 
is  shown  by  the  high  hardness  of  the  processed  materials. 

In  order  to  obtain  more  satisfactory  results,  improved  processing  techniques, 
in  particular,  an  improved  protective  atmosphere  must  be  used.  It  should  then 
be  possible  to  obtain  better  densif ication,  and  for  the  lower  melting  columbium 
alloys  WC  103  and  WC  3015,  true  cladding  by  melting  may  be  possible.  Further, 
if  the  material  is  applied  to  the  gun  steel  surface  in  the  form  of  loose  powder, 
rather  than  by  plasma  spraying,  it  may  also  prove  possible  to  obtain  true 
cladding  by  melting.  Absorptivity  of  the  laser  beam  will  be  enhanced  while 
heat  conduction  to  the  substrate  will  be  less  than  for  a  solid  layer. 

II.  FUSED  SALT  ELECTEODEPOSITION  OF  REFRACTORY  METALS 
MATERIALS  AND  PROCEDURES 

The  work  reported  herein  summarizes  progress  we  have  made  in  electrodepositing 
niobium,  molydenum,  and  tungsten,  particularly  niobium,  on  copper  and  steel 
substrates.  The  process  employed  for  the  electrodeposition  of  these  refractory 
metals  was  developed  by  Mellors  and  Senderoff^*^  and  involves  high  temperature 
electrolysis  in  a  bath  of  molten  fluoride  salts  (FLINAK) .  These  electrolytes 
are  made  up  of  a  ternary  eutectic  of  alkali  fluorides,  i.e.,  LiF,  NaF  and  KF. 

The  following  operations  are  involved  in  the  over-all  process:  electrolyte 
preparation;  plating  cell  design  ,  pre-electrolysis  and  plating. 

ELECTROLYTE  PREPARATION  The  electrolyte  was  prepared  by  melting  a  mixture 
of  Li,  Na,  and  K  fluorides  in  the  following  proportion  to  form  the  ternary 
eutectic  (m.p.  453°C) :  LiF  26.2%,  NaF  10.5%}  KF  47.0%’*®,  Ten  weight  percent 
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will  react  with  tungsten  chips  to  form  the  lower  valence  tungsten. 

+  W° - 

Figure  15  shows  the  set-up  for  this  procedure,  After  pre-electrolysis  to 
adjust  the  mean  valence  to  about  4  (4.5  is  the  upper  limit)  electrodeposition 
of  tungsten  will  follow.  The  same  procedure  will  be  applied  to  molybdenum 
plating,  but  here  MoFs  will  be  used  as  the  gas  to  react  with  molybdenum  chips 
to  form  a  mean  valence  of  three. 

CHARACTERIZATION  OF  TANTALUM  ELECTRODEPOSITS  -  A  metallurgical  exajnination  of 
several  tantalum  plated  specimens  provided  by  Union  Carbide  Corp.  and  General 
Metals  Technologies  Corp.®’^®  was  carried  out.  Figure  16  shows  the  microstruc¬ 
ture  of  (a)  the  as-deposited  plate  and  (b)  after  heat  treating  at  1500  C. 

There  is  no  evidence  of  recrystallization  after  the  heat  treatment.  The  colum¬ 
nar  structure  observed  remains  unchanged.  Figure  17  contains  X-ray  diffraction 
scans  taken  at  two  different  locations  in  the  tantalum  plate.  The  tracing  in 
(a)  shows  the  presence  of  both  a  and  B  phases,  but  is  predominantly  3  phase. 

The  a  phase  only  is  present  in  scan  (b) .  Figure  18  shows  the  Knoop  hardness 
indentations  on  the  a  and  3  tantalum  grains  and  the  steel  substrate.  The 
hardness  values  listed  in  Table  VI  show  that  the  3  phase  is  about  double  the 
hardness  of  the  a  phase. 

SUMMARY  AND  CONCLUSIONS 


Niobium  electrodeposited  from  a  molten  salts  bath  exhibited  good  adhesion  to 
substrate,  uniform  thickness,  high  density,  and  some  preferred  orientation. 
Examination  of  tantalum  deposited  in  a  similar  fashion  showed  that  the  plate 
is  thermally  stable  with  a  controllable  grain  structure.  Our  efforts  will 
continue  with  further  evaluation  of  niobium,  electrodeposition  molybdenum 
and  tungsten  with  emphasis  on  molybdenum  because  it  has  the  highest  potential 
for  gun  tube  applications.  Also,  for  improved  properties,  refractory  metal, 
alloys  will  be  investigated  employing  pulse  current  electrodeposition  and 
electrometal 1 iding^ ^  techniques.  We  recognize  that  the  relatively  high  tem¬ 
perature  of  the  molten  salts  bath  may  degrade  the  mechanical  properties  of 
the  gun  tube  steel.  The  utilization  of  liners  and/or  the  development  of 
lower  temperature  baths  comprised  of  fused  chlorides,  cyanides  and  carbonates 
is  both  feasible  and  desirable. 
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of  ammonium  bifluoride  was  added  to  the  melt  in  a  graphite  crucible  in  order 
to  remove  residual  moisture  and  to  convert  impurity  elements  in  the  salts  to 
fluorides.  Then  the  melt  was  cast  into  small  ingots  ready  for  the  pre-electro¬ 
lysis  step. 

PLATING  CELL  AND  PRE -ELECTROLYSIS  OF  NIOBIUM  BATH  Figure  11  is  a  schematic 
drawing  of  the  plating  cell.  Ingots  of  the  purified  salts  and  K2NbFy  (16.2  wt%) 
were  placed  in  the  nickel  crucible  inside  the  plating  cell  where  an  argon 
atmosphere  was  maintained  at  all  times.  A  gate  valve  seals  off  the  electrolyte 
from  the  atmosphere  when  the  cell  is  opened.  The  cell  is  heated  up  by^means 
of  a  pot  furnace  which  surrounds  it.  The  rate  of  heating  is  about  200  C/hr 
to  800  C.  This  temperature  was  maintained  during  the  entire  pre-electrolysis 
period.  Commerically  pure  niobium  sheet  (99%)  was  used  as  anode  along  with  a 
copper  cathode  for  the  low  current  (10  mA/cra^)  electrolysis  for  10  hours. 

During  this  pre-electrolysis  any  residual  impurities  in  the  melt  were  deposited 
on  the  surface  of  the  copper  cathode  as  shown  in  Fig.  12.  Concomitantly, 
niobium  was  reduced  to  a  mean  valence  of  approximately  4 .  Above  mean  valence 
4.2  the  current  efficiency  is  reduced  significantly. 

PLATING  OF  NIOBIUM  Electrodeposition  of  niobium  was  carried  out  according 
to  the  following  parameters: 

Niobium  sheet,  3”  X  2"  (7.6  X  5.1  cm) 

Copper  sheet,  S'''  X  1"  (7,6  X  2,5  cm) 

Steel  sheet,  3”  X  1"  (7,6  X  2,5  cm) 

15  to  50  mA/cm^  (96.8  to  332.6  mA/in’) 

0.5  to  18  hr 
750  to  810  C 

Typical  platings  on  copper  and  steel  substrates  are  illustrated  in  Fig.  13. 
Coatings  of  uniform  thickness  with  good  adhesion  are  obtained.  A  columnar 
structure  with  some  epitaxial  growth  is  observed  in  the  deposit  on  copper,  i.e., 
grain  boundaries  extend  into  the  deposit.  A  slight  preferred  orientation  of 
<223>  was  revealed  by  X-ray  diffraction.  Table  IV  shows  that  the  hardness  of 
the  niobium  plate  is  160(KNH)  compared  to  a  hardness  of  120(KHN)  for  the  mild 
steel  substrate. 

The  deposition  rate  of  niobium  at  the  cathode  current  density  of  about  13  mA/cm^ 
was  0.65  mil/hr  (Fig.  14).  The  cathode  current  efficiency  (CCE)  varied  with 
plating  time.  Based  on  the  reduction  of  niobium  from  a  valence  of  four, 

Nb"^"*  +  4  e  - ►  Nb° 

the  CCE  was  calculated  as  shown  in  Table  V*  The  current  efficiency  was  essen¬ 
tially  100%  for  the  niobium  plating. 

ELECTRODEPQSITIQN  OF  TUNGSTEN  AND  MOLYBDENUM  Efforts  to  electrodeposit 
these  metals  from  molten  salt  baths  will  commence  soon.  Generally,  the  proce^  ( 
dures  will  be  similar  to  those  described  for  niobium.  Again  the  basic  ingots 
of  ternary  eutectic  of  alkali  fluorides  will  be  used.  But  after  melting,  and 
prior  to  pre-electrolysis,  WFg  gas  will  be  bubbled  into  the  melt,  where  WFe 


Anode ; 

Cathode: 

Current  density; 
Plating  time; 

Bath  temperature; 
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Table  I  Composition  of  Material 


HATKRIAL 

WEIGHT  X  ' 

Mo 

Mo 

1 

T« 

U 

Cb 

Fe 

Mo 

Ti 

Zr 

C 

0 

TA 

0.93 

0.042 

0.005 

0.001 

0.017 

0.001 

0.025 

0.0038 

— 

0.088 

Bal 

Ta-lOW 

V 

Cb 

Hi 

Mo 

Ti 

Zr 

Si 

Co 

H 

Ta 

- 

10.6 

0.098 

0.002 

0.002 

0.002 

0.042 

0.0067 

0.079 

0.004 

Bal 

WC*3015 

Zt 

Hf 

V 

Ta 

Fe 

Mo 

A1 

Si 

B 

0 

H 

R 

Cb 

1 

26.7 

10.9 

n 

0.0265 

0.02 

<0.002 

0.0106 

<10“' 

0.162 

0.013 

0.183 

Bal 

WC-103 

T1 

Zt 

_ 

C 

V 

Ta  . 

Fe 

Mo 

A1 

Si 

B 

0 

R 

R 

Cb 

1 

10 

0.062 

10.9 

m 

0.0265 

0.02 

wmm 

0.0106 

B99 

0.162 

0.013 

0.183 

Bal 

Stellite 

#12 

V 

Cr 

C 

Co 

9 

29 

1.6 

Bal 

. 

Table  II  Plasma  Spraying  Parameters 


i^SSSl 

FOWDER 

MESH  SIZE  # 

THICKNESS 

DEPOSIT 

SPRAY  PARAMETERS  | 

AMPS 

VOLT 

SPRAY  DIST. 

SPRAY  RATE 

Mo 

-^/+30 

0.045” 

500 

60-70 

3"  -  5"  • 

9.5  Ib/hr 

Ta 

-120/+200 

0.045” 

500 

60-70 

8  Ib/hr 

Ta  lOV 

•120/+200 

0.045” 

500 

60-70 

mi 

8  Ib/br 

WC-3015 

-200/+325 

0.045” 

500 

60-70 

m 

9.5  Ib/hr 

WC-103 

-200/+325 

0,045” 

500 

60-70 

3”  -  5” 

9.5  Ib/hr 

Substrate:  SAE4340  steel  hardened  to  R^53-55,  Atmosphere:  A  +  10%  H2 
Table  IV  Microhardness  (KHN)  of  Nb-Platings 


Specimen 

m  A2i  FT" 

Nb  Plating 

Substrate* 

194  142  144 

91  70  118 

*  B12  5A21  copper,  F4  mild  steel 
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Table  III,  Summary  of  Processing  Parameter  Study 


MATERIAL 

POWER  DENSITY 
(KW/IN*) 

PROCESSING  SPEED 
(IN/MIN) 

DWELL  TIME 
(SEC) 

OPTIMUM  PARAMETERS 

Mo 

1€B  -  440 

fi^m 

DH 

— 

Ta 

168  -  440 

warn 

194  kW/ln*  at  16.8  In/nln 

Ta-lOW 

no  -  440 

B 

198  kW/in*  at  16.8  in/mln 

IfC  103 

272  -  440 

10  ~  45 

BD 

187  kW/in*  at  34  ia/min 

WC  3015 

156  *  440 

20  -  70 

0.09  -  0.3 

— 

STELLITE  112 

32  -  38.8 

5-25 

BD 

38.8  kW/in*  at  20  in/nin 

Table  V.  Niobium  Plating  on  Copper 


Specimen 

No. 

C.D. 

(mA/cm*) 

Time 

{min] 

Thickness 

(mil) 

C.C,  feff, 
.(%) 

mm 

■■ 

0.43 

78 

14,1 

1,08 

94 

A-14 

13.5 

180 

1,83 

111 

A-17 

12.5 

2,54 

125 

A-18 

11.0 

Bl 

2,42 

108 

Table  VI,  Microhardness  (KHN)  of  Ta-plating 


TA 

TB 

TC 

TD 

. 

Average 

Tantalum 

Plating 

250 

340 

169 

388 

286 

700 

697 

650 

640 

672 

Substrate 

(steel) 

403 

388 

307 

286 

346 
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COLLIMATED  LASER  BEAM 


Uh 
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Cell  top  lip 
Argon  outlet 
Argon  inlet 
Cooling  water  inlet 
Cooling  chamber 
Gate  valve 

Cooling  water  outlet 
Hot  chamber 
Ni-Crucible  (inside) 


Fig.  11  Schematic  diagram  of  molten-salts 
electrodeposition  cell. 


Fig,  12  Pre-electrolysis  cathodes 
showing  powdery  deposits. 


f 22 5X1  (225X) 


Fig.  13  Niobium  platings  on  (a)  copper  and  (b)  steel  (deposit  unetched) 


Fig.  14 


Electrodeposition  of  niobium  as  a  function  of  time. 
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’  ft  S  Weighing  scale 

P  —  Hot  plate 
B  ---  Water  bath 
‘‘[Qj*  WF6  -  WF^  gas 

A  ---  Argon  gas 
’•Shm'  **  C  Copper  tubing 

J^V3  S  H  Hastalloy  can 

N  Nir-Crucible 

G  Graphite  tubing 

M  Molten  Fluorides 

■  Nt  W  Tungsten  Chips 

T  Tefelon  tubing 

F  -  -  Pot  furna  e 

Fig.  15  Apparatus  and  gas  flow  for  the  preparationoof  tungsten 
electrodeposition  bath, 


16  Electrodeposited  tantalum  (a)  as-deposited  (b)  heat  treated  at  ISOO^C 
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Fig.  17  X-ray  diffraction  patterns  of  tantalum  Fig.  18  Tantalum  plating  on 
plating  (a)  presence  of  a-Ta  and  3-Ta  (b)  a-Ta.  steel  showing  hardness  inden 

rations. 
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MATERIALS  FOR  DE-COPPERING  EROSION-RESISTANT  GUN  TUBES  ' 

Dr.  G.C.  Vezzoll  and  Dr.  M.  Otooni 
U.S.  Army  Armament  Research  and  Development  Center 

Dover,  NJ 

ABSTRACT 

Recent  developments  in  the  plating  of  gun  tubes  for  the  purpose  of 
resisting  wear  and  erosion,  combined  with  progress  in  high  energy  propellants, 
has  led  to  a  renewed  conceim  on  the  subject  of  copper  deposition  from  the 
rotating  band  onto  the  interior  tube.  In  previous  experience,  lead  and  lead- 
carbonate  have  been  successfully  utilized  to  remove  copper  residue.  The 
processes  that  are  operative  in  the  removal  of  copper  are  detemined  to  be 
embrittlement  and  dissolution.'  Efforts  during  the  past  few  years  have  been 
focused  on  developing  decoppering  agents  of  lower  toxicity  and  lesser  density 
that  that  of  lead  and  lead-carbonate.  Toward  achieving  this  goal,  we  have 
studied  bismuth  subcarbonate,  lead  carbonate  hydroxide,  lead  sulfate,  tin, 
indium  and  bismuth  antimonide.  Under  laboratory  elevated  pressure-temperature 
conditions  the  ternary  compounds  BI2O2CO3,  Pb^  (C03)2  (0H)2,  and  PbSO^  undergo 
decomposition  to  form  free  metal,  metal  oxide,  and  liberated  oxygen,  and  are 
experimentally  suitable  decoppering  agents.  Our  results  on  liquid  tin 
Indicates  the  presence  of  two  liquid  states  interpretable  in  terms  of  two 
different  atomic  species  having  unique  coordination  number  and  chemical  poten¬ 
tials.  Microscopy  reveals  that  (1)  the  recovered  sample  from  each  liquid 
field  is  structurally  unique  and  (2)  that  the  diffusion  depth  of  each  liquid 
through  compressed  polycrystalline  copper  pellets  is  different  (the  lower 
temperature  liquid  showing  greater  diffusion).  The  T  vs  P  statistical  boun¬ 
dary  differentiating  the  two  liquids  is  initially  negatively  sloped  and 
appears  to  intersect  the  melting  curve  of  tin  near  the  triple  point  in  the 
vicinity  of  30  kbar.  This  boundary  then  becomes  discontinuous  and  changes 
sign  to  a  positive  slope  at  higher  pressure.  These  observations  suggest  that 
tin  is  a  suitable  decoppering  agent  for  small  caliber  tubes  where  propellant 
energetics  are  relatively  low.  Lead  carbonate  hydroxide  and  bismuth  subcar¬ 
bonate,  on  the  other  hand,  are  expected  to  be  suitable  decoppering  agents  for 
large  caliber  tubes. 
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Introduction 


The  phenomenon  which  is  referred  to  under  the  term  "coppering”  is  due 
to  the  deposition  of  copper  metal  from  the  rotating  band  of  a  spin-stabilized 
projectile  onto  the  interior  of  a  gun  tube.  The  increased  erosion  resistance 
due  to  the  chromium  plating  of  the  8-inch  tube  and  the  increased  energy  of 
modern  propellents  have  the  combined  effect  of  causing  the  build-up  of  coppering 
to  the  eventual  condition  that  a  round  can  no  longer  be  chambered.  Prior 
to  the  advent  of  chromium  plating  the  coppering  problem  was  compensated  or 
offset  by  the  effect  of  subsequent  rounds  causing  normal  gun  tube  wear  and 
hence  removing  the  copper.  The  build-up  of  the  copper  appears  to  be  due  to 
the  combination  of  abrasion  and  surface  melting,  and  may  involve  interfacial 
solid  solution  with  the  refractory  coating  metal  or  with  the  base  metal. 

In  the  past  the  removal  of  built-up  copper  and/or  the  prevention  of  copper¬ 
ing  has  been  accomplished  through  the  action  of  lead  (Pb)  metal  or  lead  carbonate- 
which  is  added  to  the  bag  charge.  Normally  12  to  15  rounds,  each  containing 
one  (1)  pound  of  lead  or  lead  carbonate  are  required  to  de-copper  the  deposition 
from  about  100  eight-inch  rounds  (XM650)  using  M107  propellent  (thus  removing 
about  8  mils  of  copper  film). 

The  process  of  decoppering  is  believed  to  be  due  to  the  dual  effects  of 
dissolution  and  embrittlement  of  the  copper  by  the  decoppering  agent.  The 
low  melting  point  of  the  decoppering  agent  (such  as  Pb)  allows  the  agent  to 
operate  in  the  liquid  state  and  take  the  copper  into  solution  according  to 
the  Pb-Cu  binary  phase  diagram.  The  Cu-Pb  phase  diagram  at  1  atm  shows  an 
exsolution  dome  of  two  liquid  melts  between  95^  and  990°C^.  The  solid  solubility 
of  Cu  in  Pb  is  less  than  0.007  wt  %  Pb.  The  eutectic  for  the  dissolution 
of  Cu  by  liquid  Pb  occurs  at  0.11  wt  %  Cu  at  328*^C.  Liquid  Pb  also  embrittles 
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the  deposited  Cu  and  allows  it  to  be  more  easily  chiped  or  blown  off  by  the 
action  of  the  round. 

Although  Pb  is  proven  to  be  a  chemically  suitable  decoppering  agent  it 
has  the  disadvantage  of  high  toxicity  and  high  densitj^  coupled  with  high  required 
weight  of  Pb  to  dissolve  a  given  weight  of  Cu  in  the  neighborhood  of  1000°C. 

The  toxicity  causes  unacceptably  high  concentrations  of  lead  vapor  in  the 
immediate  surroundings  of  a  gun  crew  in  an  enclosed  or  partly  enclosed  area 
(as  attested  by  OSHA).  The  high  density  of  Pb  and  low  solubility  of  Cu  in 
Pb  detracts  from  the  energetic  potential  of  the  propellent  charge  because 
of  the  weight  of  inert  material.  Furthermore  indications  exist  that  lead 
and  lead-tin  solder  decoppering  agents  have  the  effect  of  increasing  crack 
propagation  rates  in  certain  tubes.  For  these  reasons  a  laboratory  study 
was  conducted  to  develop  a  substitute  decoppering  agent  of  lower  toxicity 
and  lesser  density  than  Pb. 

Thus  it  is  the  purpose  of  this  paper  to  describe  the  interaction  of  a 
variety  of  materials  with  copper  at  high  pressure  and  temperature.  The  materials 
that  were  chosen  as  candidate  decoppering  agents  were  bismuth,  bismuth  subcar¬ 
bonate,  tin,  indium,  and  bismuth  antimonide.  To  better  establish  the  cause 
of  the  decoppering  process  studies  were  also  conducted  utilizing  lead,  lead 
carbonate,  lead  carbonate  hydroxide,  two  forms  of  lead  oxide,  and  lead  sulfate. 
Data  were  taken  on  all  of  the  above  materials  to  establish  their  P-T  phase 
diagrams  (including  decomposition),  their  interaction  with  free  copper,  and 
their  interaction  with  copper  that  had  been  deposited  on  chromium  which  in 
turn  was  deposited  on  gun  tube  steel. 

The  ternary  compunds  were  studied  because  of  the  expectations  that  P-T 
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induced  decomposition  would  generate  free  metal  for  dissolution  and  embrittle¬ 
ment  of  Cu,  oxygen  for  bonding  with  Cu  to  form  CU2O  that  could  blow-off  with' 
propellent  gasses  as  well  as  for  possible  protection  of  the  gun  tube  against 
erosion,  and  a  non  metal  such  as  carbon  to  possibly  place  a  film  of  low  wettabil¬ 
ity  on  the  interior  gun  bore  to  oppose  subsequent  coppering. 

Experimental  Procedures 

The  apparatus  for  these  experiments  consisted  of  a  Bridgman  anvil  pressure 
system  operating  typically  from  1  to  30  kbar  at  20  to  450^0,  and  a  high  tempera¬ 
ture  furnace  operating  at  1  atm  in  flowing  argon  or  in  air  at  20  to  1200*^C. 

In  situ  electrical  measurements  were  conducted  by  use  of  mica  gaskets  and 
direct  electrical  contact  to  tungsten  carbide  anvils  or  via  use  of  platinum 
contacts  on  the  top  and  bottom  of  the  sample.  A  complete  description  of  the 
high  pressure  Bridgman  anvil  system  is  given  in  Ref  2a. 

Samples  consisted  of  pressed  powders  >f  the  decoppering  agent  in  the  form 
of  pellets  of  diameter  0.10  inch  and  thickness  0.015  inch.  Interface  experiments 
utilized  either  copper  foil  or  pressed  copper  powder  (1  to  10^  packed  in 
Argon).  See  Ref  2b. 

Examination  and  characterization  of  samples  that  were  recovered  from  high 
pressure  and  high  temperatue  conditions  were  performed  by  x-ray  diffraction 
(Gandolphi  &  Dehye  Scherrer)  and  by  scanning  and  transmission  electron  microscopy 
with  energy  dispersive  x-ray  analysis  techniques. 

Experimental  Results 

A.  Lead  (See  Ref  3) 

The  melting  curve  of  lead  (Pb)  was  determined  by  the  method  of  in-situ 
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electrical  resistance  (R).  At  the  melting  point  (m.p.)  the  resistance  of 
Pb  was  observed  to  decrease  2%.  The  melting  curve  is  positive  and  linear 
to  the  limits  of  the  experiments  at  28  bar.  At  peak  gun  tube  pressures  corres¬ 
ponding  to  8  inch  ordnance  and  zone  9  charge,  Pb  melts  at  temperatues  no  higher 
than  345°C  and  no  lower  than  the  1  atm  m.p  of  327°C.  An  electrical  anomaly 
(change  in  sign  of  dR/dt  from  -  to  +)  occurs  in  the  solid  state  in  the  300° 
temperature  region  at  pressures  up  to  ^10  kbar  but  is  not  identified  with  a 
known  polymorphic  phase  transformation.  Liquid  Pb  diffuses  through  Cu  foil 
at  gun  tube  pressures  and  embrittles  the  Cu.  Thus  a  combined  dissolution- 
embrittlement  phenomenon  causes  the  decoppering  effect  of  Pb.  In  the  high 
pressure  study  no  evidence  was  found  for  a  second  liquid  Pb  species  at  tempera¬ 
tures  up  to  470°C.  The  cubic  closest  packing  structure  of  the  solid  state 
is  believed  to  be  preserved  in  the  short  range  environment  in  the  liquid  field. 
Upon  cooling  the  melt,  the  resolidification  P-T  data  points  were  essentially 
co-linear  with  the  melting  data  points  (no  significant  supercooling  effects.) 
High-temperature  measurements  at  1  atm  confirmed  the  binary  Cu-Pb  phase  diagram 
given  in  Ref  1. 

B.  Bismuth  (Ref  4) 

The  melting  curve  of  Bismuth  (Bi)  was  established  and  shows  negative  slopes 
up  to  27  kbar  followed  by  positive  slopes  to  the  limits  of  the  experiment 
at  35  kbar.  In  gun  tube  environment  Bi  melts  at  between  250  and  270°C.  The 
melting  of  Bi  could  not  be  detected  at  1  atm  or  at  high  pressure  by  sensitive 
electrical  techniques  unless  the  Bi  was  in  contact  with  copper  foil.  Under 
such  a  configuration  melting  was  detected  as  a  very  faint  but  reproducible 
anomaly  in  the  negative  dR/dT  data.  As  temperature  is  further  increased  above 
the  m.p.,  at  pressures  up  to  the  30  kbar  region  a  change  in  sign  of  dR/dT 
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from  -  to  +  is  observed  in  the  liquid  state  when  Bi  is  in  contact  with  Cu 
or  Pt.  At  still  somewhat  higher  tempratures  the  sign  of  dR/dT  returns  to 
minus.  At  interior  gun  pressures  the  temperature  for  this  liquid  state  anomaly 
is  about  300^C.  The  anomaly  identifies  P-T  conditions  for  a  liquid-liquid 
reaction  whereby  the  high  temperature  liquid  appears  to  be  more  reactive  relative 
to  Cu  and  Pt  (either  forming  a  compound,  a  solution,  or  simply  embrittling 
due  to  grain  boundary  effects).  Liquid  Bi  diffuses  through  0.122mm  Cu  foil 
at  high  pressure  and  causes  severe  embrittling  as  well  as  some  dissolution. 

In  experiments  without  the  use  of  Cu  or  Pt  the  solidified  recovered  Bi  product 
showed  vastly  different  morphology  and  texture  depending  upon  whether  it  was 
derived  from  above  or  below  the  liquid-liquid  boundary.  This  liquid-liquid 
zone  correlates  with  a  Soviet  study  (Ref  5)  indicating  a  Bi  liquid  state  zone 
of  anomalous  sound  velocity.  The  zone  is  reported  up  to  7.7  kbar  at  between 
270  and  290^C.  Extrapolation  to  1  atm  of  the  P-T  liquid-liquid  region  in 
the  present  study  correlates  very  well  with  the  maximum  conductance  turning 
point  reported  in  two  earlier  studies  (Ref  6  and  7). 

Data  taken  at  1  atm  and  high  temperature  confirms  points  on  the  phase 
diagram  of  Cu-Bi  given  in  Ref  1  and  show  that  the  mutual  solid  solubility 
of  Bi  and  Cu  is  very  small  (less  than  0.5  atomic  percent).  There  is  no  indica¬ 
tion  of  separate  Bi  and  Cu  liquids,  and  at  1000°C  liquid  Bismuth  can  dissolve 
a  much  greater  weight  percent  of  Cu  than  can  Pb.  Bismuth  also  shows  lesser 
toxicity  and  lesser  density  than  Pb  as  well  as  a  lower  m.p.  at  gun  tube  pressures 
and  a  decreasing  m.p.  as  pressure  increases.  Bi  is  far  more  embrittling  to 
Cu  than  is  Pb.  For  all  of  these  reasons  it  is  believed  that  under  laboratory 
conditions  Bi  is  a  superior  decoppering  agent  than  Pb.  Bismuth  does  not  interact 
strongly  with  steel  and  wets  copper  in  a  superior  manner  than  does  Pb. 
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C.  Lead  Carbonate  Hydroxide  (Ref  8). 

The  P-T  induced  decomposition  of  lead  carbonate  hydroxide  or  hydrocerrusite 
(PbC02)2’ Pb(0H)2  follows  the  sequence:  (1)  (PbCO^)^  *  Pb(0H)2-^[(PbC02)2*Pb(0H)23 
4ii?PbO  (2)  PbO'^Pb  +  0^;  (3)  (PbC02)2  ♦  Pb(0H)2  +  PbO->Pbj^Q  (^03^6 

(OH)gO[lead  carbonate  hydroxide  oxide  or  Plumbonacrit^  ;  (4)  Pb( solid HPb 
liquid.  At  about  3-4  kbar  the  respective  temperatures  for  these  effects  are 
100,  300,  340  and  350^C.  In  the  low  pressure  range  the  effect  of  increasing 
pressure  is  to  drastically  decrease  the  temperature  of  the  initial  decomposition. 
The  pressure  dependence  for  the  decomposition  of  both  forms  of  PbO  (Litharge 
&  Massicot)  as  a  starting  material  is  only  very  slight,  however,  if  the  pressure 
cell  is  not  sealed  (as  it  is  not  sealed  in  a  gun  tube),  oxygen  can  escape 
during  the  initial  decomposition  of  the  Pb(0H)2  groups  (before  Pb  and  0^  can 
bond  to  form  PbO)  and  free  lead  can  be  generated  at  temperatures  much  less 
than  300  C,  The  lead  is  detected  by  a  large  decrease  in  resistance  and  identi¬ 
fied  by  x-ray  diffration.  When  a  Pb  path  bridges  the  electrodes  a  very  large 
increase  in  conductance  occurs.  The  pressure  dependence  of  the  reconstitution 
reaction  (in  the  above  sequence  reaction  #3)  is  also  only  slight.  The  reconstitu¬ 
tion  reaction  is  associated  with  increased  resistance  and  identified  by  x- 
ray  diffraction.  At  higher  temperatures  the  Plumbonacrite  ■  (grey  black  in 
color)  will  decompose  probably  to  PbCO^,  PbO,  Pb,  0^,  CO^  and  H^O  as  well 
as  compounds  thereof.  Therefore  use  of  lead  carbonate  hydroxide  (white  lead 
or  hydrocerrusite)  may  provide  an  iterative  decoppering  process  due  to  decompos¬ 
ition  to  free  lead  followed  by  reconstitution  followed  again  by  decomposition. 

Lead  carbonate  hydroxide  is  believed  to  be  a  superior  decoppering  agent  as 
compared  to  Pb  or  PbCO^  because  of  the  above  reasons  as  well  as  the  expected 
reaction  forming  CU2O  and  the  driving  of  0^  or  atomic  oxygen  into  the  tube 
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or  liner  wall  to  decrease  erosion.  It  is  also  possible  that  any  residual 
carbon  will  reduce  the  tendency  toward  further  coppering. 

D.  Lead  Carbonate  (Ref  9) 

The  decomposition  of  lead  carbonate  (PbCO^)  also  known  as  cerussite  involves 
six  stages  prior  to  the  melting  of  free  lead.  At  temperatures  up  to  400°C 
the  molar  fraction  of  free  lead  is  much  less  as  derived  from  the  PbCO^  starting 
material  contrasted  to  (PbC02)2  *  PbCOlDg  starting  material.  The  stages  of 
decomposition  involve  the  development  of  PbO  and  then  the  bonding  of  PbO  as 
a  group  in  addition  to  the  bonding  of  water  molecules  derived  from  included 
moisture.  In  the  300°C  neighborhood  a  region  of  disordered  electrical  behavior 
is  observed  at  high  pressure  and  may  be  associated  with  the  formation  of  lead 
carbonate  oxide  PbOCO^  which  is  identified  by  x-rays  and  is  a  grey  black  material 
in  the  recovered  product.  At  temperatures  even  above  the  melting  of  free 

I 

Pb,  products  of  decomposition  exist  such  as  (PbCO^«  PbO)  • 3H2O,  PbCO^  PbO, 
and  PbC02*2Pb0  as  well  as  PbOCO^.  Experiments  with  PbCO^  in  contact  with 
Cu  at  high  P-T  and  at  1  atm  at  temperatures  up  to  1000°C  show  alteration  of 
the  above  effects  due  to  the  interaction  with  Cu  itself. 

E.  Lead  Sulfate  (Ref  9) 

Lead  sulfate  PbSO^  or  natural  Anglesite  undergoes  decomposition  to  a  trans¬ 
parent  material  and  a  black  phase.  Both  phases  give  rise  to  the  x-ray  pattern 
of  natural  Anglesite.  The  electrical  data  show  a  large  increase  in  conductivity 
(followed  at  higher  temperature  by  a  minimum  resistance  turning  point)  in 
the  200  to  300°C  neighborhood,  suggesting  the  formation  of  free  Pb.  However 


free  Pb  is  not  identified  by  x-ray  diffraction,  hence  either  Pb  exists  in 


less  than  55t^or  perhaps  all  of  the  reactions  in  PbSOjj  are  associated  with 
electronic  transitions  or  defects  rather  than  structural  rearrangements. 

The  use  of  PbSOj^  as  a  decopper ing  agent  may  be  successful  to  remove  copper, 
however,  the  fear  exists  that  the  presence  of  moisture  may  cause  the  formation 
of  sulfuric  acid  which  could  lead  to  serious  gun  tube  erosion. 

F.  Bismuth  Subcarbonate  (Ref  9) 

Bismuth  subcarbonate  (Bi^O^CO^)  undergoes  P-T  induced  decomposition  to 
Bi^O^  plus  free  bismuth.  The  electrical  profile  at  a  given  pressure  indicates 
a  minimum  resistance  condition  at  about  250^C  (probably  indicating  decomposition 
to  followed  by  a  sharp  increase  in  conductance  around  270°C  (the 

latter  being  probably  associated  with  free  Bi  and  precipitated  by  some  irregular 
behavior).  At  low  pressures  the  decomposition  is  to  the  ^  phase  of  BigO^ 
whereas  from  30  to  40  kbar  the  yellow  phase  is  recovered.  In  the  50  kbar 
region  the  recovered  product  contains  Bi  plus  Bi^O^.  The  melting  of  Bi  is 
detected  (in  the  experiments  that  utilized  Bi^O^CO^  starting  material)  in 
the  form  of  maximum  or  minimum  resistance  turning  points  depending  upon  the 
solid  phase  (I, II, III, VII,  or  VI)  from  which  the  liquid  was  derived.  Bismuth 
subcarbonate  then  fills  the  criteria  of  generating  free  metal  with  superior 
laboratory  decoppering  properties  than  Pb.  It  also  allows  for  free  oxygen 
to  bond  with  Cu  or  to  diffuse  into  the  gun  tube  surface,  as  well  as  giving 
rise  to  the  possibility  at  high  temperatures  of  some  free  carbon  developed 
during  decomposition  (for  possibility  of  decreased  wettability  toward  future 
coppering  due  to  very  thin  carbon  film). 

G.  Tin  (Ref  10) 
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The  P-T  phase  diagram  of  tin  (Sn)  was  established  and  reveals  a  positively 
sloped  melting  curve  as  well  as  a  liquid  field  boundary.  The  ra.p.  of  Sn  increases 
from  231  C  at  1  atm  to  about  240  C  at  4  kbar.  Over  this  pressure  range  the 
liquid  -  liquid  boundary  decreases  from  about  400^0  to  about  360^0.  Thi5  boundary 
continues  to  be  negatively  sloped  as  pressure  increases  and  intersects  the 
melting  curve  near  the  triple  point  at  31  kbar  300^C.  At  higher  pressures 
the  liquid-liquid  boundary  takes  on  a  positive  slope  but  is  displaced  upward 
in  temperature  (apparently  discontinuous  at  the  triple  point). 

The  melting  curve  to  31  kbar  is  identified  by  an  increase  in  electrical 
resistance,  however  above  31  kbar  melting  occurs  without  detectible  elecrical 
change.  The  liquid-liquid  boundary  is  established  by  a  change  in  sign  of 
dR/dT  from  +  to  -  abserved  essentially  isobarically .  The  recovered  product 
from  each  of  these  liquid  fields  shows  a  contrasting  characteristic  grain 
structure  upon  solidification.  The  lower  temperature  of  the  two  liquids  appears 
to  be  more  reactive  to  copper.  This  may  explain  why  Sn  is  a  good  decoppering 
agent  for  small  caliber  tubes  but  actually  causes  tinning  of  large  caliber 
tubes.  The  high  temperature  liquid  form  of  Sn  may  be  based  on  either  a  structure 
similar  to  the  closed  packed  structure  of  Pb  or  similar  to  the  tetrahedral 
structure  of  o{ -Sn  (grey  Sn  -  diamond  structure).  The  white  Sn  (/5)  -  grey 
Sn  (o()  phase  transformation  was  studied  in  the  solid  state.  Results  showed 
that  as  pressure  increases,  the  temperature  for  the^“^^  transformation  decreases 
and  the  kinetics  become  increasingly  sluggish  such  as  to  cause  a  large  degree 
of  required  superco  ling.  The  electrical  profile  for  the  transformation 
at  high  pressure  and  under  vacuum  showi" a  plateau  behavior  in  resistance. 

Since  this  type  of  behavior  is  not  observed  at  high  temperature  during  the 
liquid-liquid  transition,  it  is  believed  that  this  transition  is  more  apt 
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to  be  toward  a  Pb-like  liquid  rather  than  a  diamond-like  liquid.  It  should 
be  pointed  out  however,  that  a  two  liquid  model  for  Sn  is  predicted  by  Soviet 
researche.  and  includes  a  soft  sphere  phase  and  a  tetrahedral  structure. 

Thus  a  diamond  type  liquid  is  still  tenable.  The  liquid-liquid  boundary  was 
confirmed  at  1  atm  by  optical  scattering  as  well  as  electrical  resistance 
measurements.  Experiments  at  1  atm  show  confirmation  of  the  Cu-Sn  solid  solution 
phases  described  in  Ref  1.  The  eutectic  is  at  227  C  at  99.3  atomic  per  cent 
Sn.  The  solid  solubility  of  Cu  in  Sn  at  the  eutectic  is  0.01  atomic  percent 
or  0.006  wt.  percent.  The  rich  phase  equilibria  of  the  Cu-Sn  binary  suggests 
decoppering  capability  provided  tinning  does  not  occur. 

H.  Indium 

In  the  first  experiment  on  indium  in  contact  with  Cu  we  were  unable  to 
electrically  detect  the  melting  of  indium  or  any  indication  of  a  liquid-liquid 
transition.  Indium  solidiQed  in  a  highly  striated  fashion.  Some  electrical 
indication  of  reaction  with  Cu  in  the  liquid  state  of  indium  was  observed. 

The  Cu-In  binary  phase  diagram  shows  solid  solution  phases'*,^,  V and 
suggesting  reactivity  at  high  pressure  and  initiating  interest  in  indium  as 
a  possible  decoppering  agent. 

I.  Bismuth  antimonide 

In  very  recent  work  on  BiSb  in  contact  with  Cu  electrical  resistance  measure¬ 
ments  at  high  pressure  clearly  showed  indication  of  either  interaction  or 
reaction  with  Cu.  Examination  of  the  recovered  product  on  the  BiSb  surface 
showed  grey  and  black  materials  in  the  central  regions  and  blue  and  purple 
material  on  the  perimeter.  Examination  of  the  Cu  side  showed  clear  cut  regions 
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of  shiny  grey  and  dull  grey  material.  Some  BiSb  extruded  from  a  crack  in 
the  mica  gasket  presumably  developed  when  presure  was  rapidly  decreased  at 
high  temperature.  This  material  appeared  dull  grey  and  quite  brittle.  The 
temperature  at  which  the  first  electrical  indication  of  P-T  induced  reaction 
was  under  200°C.  BiSb  appears  to  be  a  promising  candidate  as  a  decoppering 
agent . 

J.  Decoppering  Agent  Interface  Experiments  with  Copper  Deposited  on  Chromium 

A  thin  film  of  Cu  was  deposited  on  a  thin  film  of  Cr  which  was  in  turn 
deposited  on  an  iron  substrate.  Decoppering  agents  were  placed  within  steel 
washers  on  top  of  the  Cu  film.  The  assembly  was  heated  to  1000°C  in  a  Lindberg 
furnace  in  air  (as  well  as  a  separate  experiment  being  performed  in  Argon). 

Upon  cooling  and  examining  the  recovered  samples  it  was  clearly  evident  that 
the  Cu  under  the  Bi^O^CO^  sample  was  more  completely  removed  as  constrasted 
to  the  PbCO^  and  (PbCO^)^ *  PbCOH)^  samples.  At  1  atm,  electrical  resistance 
effects  in  Bi^O^CO^were  observed  in  the  500  to  750°C  temperature  range.  In 
air  severe  oxidation  of  the  iron  substrate  was  produced  at  these  temperatures. 

Conclusions 

The  major  conclusions  from  this  study  to  date  are  as  follows: 

(1)  Bi  and  Bi^O^CO^  seem  to  be  superior  decoppering  agents  than  Pb  or 
PbCOg  and  are  of  reduced  toxicity  and  reduced  density. 

(2)  (PbC02)2' PbCOH)^  appears  to  be  a  superior  decoppering  agent  relative 
to  Pb  and  PbCO^  because  of  the  P-T  properties  of  the  PbCOH)^  group. 

(3)  Tin  seems  to  be  a  suitable  decoppering  agent  for  small  caliber  tubes. 

(4)  BiSb  is  a  promising  candidate  for  decoppering  and  should  be  studied. 
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further. 


Recommendations 

It  is  recommended  that  during  the  course  of  the  next  two  years  field  tests 
are  run  on  bismuth  and  bismuth  subcarbonate  as  candidates  for  decoppering 
agents . 

Acknowledgement : 

The  authors  wish  to  acknowledge  the  support  of  Dr.  Thomas  Davidson  of 
ARRADCOM  under  the  AH80  Research  in  Armaments  Program,  and  Dr.  Wayne  Robertson 
of  Rockwell  International  for  fruitful  discussions. 


V-380 


References: 


1.  M.  Hansen  Constitution  of  Binary  Alloys  (McGraw-Hill,  New  York,  1958). 

2.  a.  M.  Meyers,  F.  Dachille  &  R.  Roy,  Rev.  Sci  Instrum.  401  (1963) 

b.  Vezzoli,  F.  Dachille,  &  R.  Roy  J.  Am.  Ceram.  Soc.  221  (1971) 

3.  The  detailed  data  on  Pb  are  given  in:  G.C.  Vezzoli,  High  Temperatures 

High  Pressures  W  707-709  (1978). 

4.  The  detailed  data  on  Bi  are  given  in:  G.C.  Vezzoli,  High  Temperatures 
High  Pressures  12,  195-203  (1980). 

5.  V.  Ablordeppey,  Phys.  Rev.  A3,  1680  (1971). 

6.  Y.  I.  Dutchak,  Phys.  Met.  Metallogr.  (USSR)  11,  133  (1961). 

7.  G.C.  Vezzoli  Phys.  Status  Solid!  A  48K,  75-77  (1978). 

8.  Data  on  lead  carbonate  hydroxide  and  the  red  &  yellow  forms  of  lead  oxide 

are  given  in  detail  in:  G.C.  Vezzoli  and  S.  Krasner,  High  Temperatures-  High 
Presures  (in  press  1st  paper) 

9.  Data  on  lead  carbonate,  lead  sulfate,  and  bismuth  subcarbonate  are  given 
in:  G.C.  Vezzoli  and  S.  Krasner  High-Temperatures  High  Pressures  (in  press,  2nd 
paper) 

10.  For  data  on  tin  see  the  comprehensive  paper:  G.C.  Vezzoli  and  M.  Otooni 
Phys.  Rev  (in  press). 


V-381 


CERAMIC  MATERIALS  FOR  LIGHTWEIGHT 


P.  Wong 

Army  Materials  and  Mechanics  Research  Center 
Watertown,  Massachusetts  02172 


ABSTRACT 


The  potential  for  the  implementation  of  ceramic  liners  in  small  and 
intermediate  gun  barrels  is  presented.  Th^^^  promising  candidate  ceramic 
materials  are  described  and  the  method  for  their  selection  is  outlined. 

A  procedure  for  producing  rifled  ceramic  liners  is  also  included.  The 
feasibility  of  using  ceramic  liners  in  gun  barrels  and  the  prospect  for 
its  future  success  is  discussed. 


INTRODUCTION 

The  continuing  problem  of  severe  erosion/corrosion  and  wear  of  small 
and  large  calibre  gun  tubes  have  plagued  the  efforts  for  upgrading  field 
weapons  for  many  years.  Understanding  the  mechanics  and  the  behavior 
of  wear  and  erosion  in  gian  barrels  requires  analyses  into  three  major 
areas  which  include  thermal,  chemical,  and  mechanical  processes.  Scien¬ 
tists  and  engineers  have  been  striving  for  years  to  understand  gun  tube 
erosion  and  the  demand  for  more  advanced  high  performance  weapons  continu¬ 
ally  generate  new  or  intensify  old  problems. 

A  measure  of  success  in  counteracting  wear  and  erosion  has  been  a- 
chieved  in  the  .50  caljber  chromium  plated  and  nitrided  gun  barrels  by 
using  stellite  liners.  Stellite  is  a  cobalt  based  alloy  containing  small 
quantities  of  Cr  and  Mo.  In  recent  years,  materials  in  a  critical  category 
such  as  Co  and  Cr  have  experienced  extreme  price  and  availability  turbu¬ 
lence.  Such  a  position  of  uncertainty  of  supply  is  unacceptable  for  na¬ 
tional  security  and,  therefore,  has  stimulated  interest  in  seeking  non- 
critical  materials  that  are  readily  available  for  use  as  gun  tube  liners. 
Many  of  the  ceramic  materials  considered  as  candidates  for  implementation, 
contain  no  critical  or  strategic  elements.  The  recent  development  of 
advanced  ceramic  materials  and  fabrication  techniques  have  opened  and 
increased  the  prospects  of  using  ceramic  materials  as  liners  in  gun  tubes. 
In  particular,  the  ceramic  turbine  engine  program  has  demonstrated  that 
new  ceramic  materials  have  high  temperature  wear  and  erosion  resistance, 
high  strength  and  chemical  inertness.  These  are  exactly  the  characteris¬ 
tics  in  a  material  that  is  desired  for  the  development  of  newer  high  per¬ 
formance  gun  systems.  The  development  of  more  advanced  weapon  systems 
have  projected  requirements  of  longer  range,  higher  velocities,  and  rapid 
rates  of  fire,  all  of  which,  collectively  create  greater  erosion  and  wear 
problems.  Therefore,  the  development  of  any  new  gun  systems  depends  heav¬ 
ily  on  the  availability  of  high  wear  and  erosion  resistant  materials. 
Ceramic  liners  for  gun  barrels  are  potentially  an  excellent  candidate 
to  provide  the  life  and  accuracy  requirements  for  the  next  generation 
of  weapon  systems. 

Approved  for  public  release;  distribution  unlimited. 
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OBJECTIVE 


Our  program  objective  is  to  determine  and  establish  the  feasibility 
of  using  ceramic  materials  as  wear  and  erosion  resistant  liners  in  small 
and  intermediate  calibre  gun  barrels.  The  purpose  is  to  introduce  to 
the  ordnance  community  the  potential  that  ceramic  materials  can  offer 
in  the  way  of  providing  improved  materials  for  advanced  weapon  systems. 
Ceramic  materials  offer  unique  combinations  of  properties  and  has  had 
such  diverse  applications  in  the  Army  as  providing  ballistic  protection 
for  air  crew  personnel,  survivability  of  equipment  in  the  field,  missile 
guidance,  efficiency  in  fuel  engine  technology,  and  also  reducing  the 
requirements  for  strategic  materials. 

Ceramics  have  traditionally  been  recognized  as  being  brittle  mate¬ 
rials,  however,  it  does  not  necessarily  follow  that  the  material  is  weak. 

On  the  contrary,  in  some  cases,  ceramics  can  be  stronger  than  metals. 
Brittleness  is  a  characteristic  of  a  material  which  can  best  be  described 
as  a  condition  where  excessive  stresses  cannot  be  relieved  by  local  yield¬ 
ing  as  in  the  case  of  metals.  Under  this  condition,  the  material  fails 
in  a  brittle  manner.  Having  this  knowledge  about  the  characteristic  of 
ceramics,  designers  can  take  this  into  consideration  and  maximize  on  the 
other  beneficial  properties  of  the  material.  New  design  tools  such  as 
computer-based  finite  element  stress  analysis  are  enabling  designers  to 
more  precisely  define  the  actual  local  stresses  which  the  ceramic  compo¬ 
nent  will  experience  in  service.  As  a  result,  ceramic  materials  are  find¬ 
ing  their  places  in  more  and  more  areas  where  other  materials  are  unable 
to  keep  up  with  requirements  for  higher  operating  temperatures.  An  example 
of  this  is  in  the  high  temperature  gas  turbine  engine  where  engineers 
envisioned  ceramics  offering  the  promise  of  a  low  cost,  efficient, .  and 
uncooled  turbine  engine.  After  considerable  research  effort  in  this 
area  it  has  been  determined  that  ceramic  materials  can  be  properly  designed 
for  conditions  that  require  high  temperature  wear  and  erosion  resistance, 
high  strength  and  chemical  inertness.  These  attributes  are  also  required 
in  many  other  areas,  one  of  which  is  in  the  gun  barrel  erosion  problem. 
Ceramic  engineering  has  come  a  long  way  in  terms  of  understanding  its 
properties  better  and  also  in  the  technology  required  to  fabricate  improved 
ceramics.  A  survey  done  by  Battelle  Columbus  Laboratories  for  AMMRC, 
reports  that  the  state-of-the-art  in  ceramic  technology  presently  has 
three  promising  candidate  ceramic  materials  which  can  be  considered  for 
gun  barrel  liners."^  These  include  alpha  silicon  carbide,  a  fiber  rein¬ 
forced  glass  matrix  composite  and  an  improved  zirconia  which  were  analyzed 
taking  into  consideration;  cost,  fabricability,  availability  as  well  as 
their  physical  properties.  AMMRC  is  presently  studying  these  materials 
for  their  program  in  ceramic  liners  for  gun  barrels  in  the  .50  calibre 
weapons . 


APPROACH 

In  an  attempt  to  determine  the  feasibility  of  using  ceramic  materials 
as  liners  in  .50  caliber  gun  barrels,  we  decided  to  establish  a  procedure 
by  which  to  evaluate  candidate  materials  and  a  selection  process  by  which 
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to  choose  likely  prospects  for  testing.  We  obtained  the  services  of 
Battelle  Columbus  Laboratories  to  conduct  an  independent  survey  of  ceram¬ 
ics  in  gun  barrels.  Their  recommendations  on  candidate  ceramic  materials 
agreed  with  our  list  and  helped  to  narrow  the  choices  on  the  basis  of 
performance,  availability,  and  fabric ability.  We,  therefore,  focussed 
our  efforts  on  those  materials  judged  to  have  a  high  probability  of  suc¬ 
cess. 

The  initial  testing  of  alpha  silicon  carbide  was  conducted  at 
Maremont,  Saco,  Maine;  for  an  ARRADCOM  program  supported  by  the  Army 
Advanced  Concepts  Team;  where  a  gun  barrel  lined  with  this  material  was 
test  fired  up  to  1000  rounds  and  showed  no  detectable  bore  wear.  To  main¬ 
tain  consistency  in  the  program,  we  will  continue  to  have  Maremont  prepare 
the  liners  and  do  further  testing.  Preparing  the  liners  involves  shrink 
fitting  in  two  steps  where  the  liner  is  fitted  into  a  steel  sleeve  which 
in  turn  is  fitted  into  a  steel  jacket  making  up  the  test  module. 

The  shrink  fitting  process  is  a  very  critical  part  of  the  procedure 
for  instaJ-ling  the  ceramic  liner  in  a  gun  barrel.  Ceramic  materials, 
because  of  their  nature,  must  be  continually  under  compressive  stresses 
to  maintain  their  high  strength  properties.  The  shrink  fitting  of  the 
steel  sleeve  and  jacket  over  the  ceramic  liner  accomplishes  this  condition 
by  constantly  squeezing  on  the  ceramic  liner  during  service.  The  amount 
of  compressive  stresses  generated  depends  upon  the  differential  of  the 
liner  O.D.  and  the  I.D.  of  the  sleeve  and  jacket.  In  some  cases,  the 
configuration  of  the  module  caused  circumferential  cracking  to  occur  about 
from  the  muzzle  end  of  the  module.  This  problem  was  partially  resolved 
by  decreasing  the  differential  or  misfit  between  the  liner  and  sleeve/ 
jacket.  We  feel  that  this  is  strictly  a  design  problem  and  proper  design¬ 
ing  through  stress  analysis  could  allow  more  flexibility  in  obtaining 
the  compressive  stresses  desired  in  the  lined  gun  barrel. 

The  Carborundum  Company  of  Niagara  Falls,  the  supplier  of  the  silicon 
carbide  tubes  that  were  originally  test  fired,  being  aware  of  the  cracking 
problem  that  occurred  during  shrink  fitting,  offered  their  design  and 
fabrication  expertise  towards  the  production  of  silicon  carbide  lined 
gun  tube  modules.  This  presented  an  opportunity  for  a  ceramic  fabricator 
to  use  their  technology  base  to  design  for  a  ceramic  lined  gun  barrel 
module  which  had  originally  been  designed  for  metal  components.  With 
the  proper  design,  it  is  expected  that  silicon  carbide  lined  gun  barrel 
modules  will  survive  testing  under  conditions  more  severe  than  single 
shot  roiinds.  We  have  contracted  Carborundum  to  supply  us  with  a  number 
of  silicon  carbide  lined  gun  barrel  modules  ready  for  testing.  These 
will  include  smooth  bore  and  rifled  bore  modules. 

One  of  the  major  obstacles  that  has  slowed  progress  in  the  acceptance 
of  utilizing  ceramics  as  gun  tube  liners  has  been  the  ability  to  rifle 
ceramic  tubes.  The  conventional  means  of  rifling  metal  barrels  cannot 
be  applied  to  most  ceramic  materials  easily.  This  is  particularly  true 
for  the  very  hard  materials  such  as  silicon  carbide.  Ceramic  materials 
of  this  high  hardness  must  use  diamond  cutting  tools.  The  bore  diameter 
of  a  .50  calibre  does  not  allow  much  room  for  cutting  a  number  of  grooves 
in  a  spiral  configuration  using  diamond  cutting  techniques.  While  investi¬ 
gating  other  alternatives  for  machining  ceramics,  ultrasonic  machining 
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techniques  appeared  to  have  the  greatest  potential.  Cutting  ceramics 
by  ultrasonic  techiques  involves  transmitting  ultrasonic  energy  to  an 
abrasive  medium  that  does  the  actual  cutting.  We  contracted  Bullen  Ultra¬ 
sonics  of  Eaton,  Ohio  to  use  their  technique  to  rifle  two  7”  long  silicon 
carbide  tubes  with  I.D. 

Although  silicon  carbide  has  shown  great  potential  as  a  candidate 
material  for  liners,  other  ceramic  materials  have  displayed  extraordinary 
physical  properties  that  deserve  investigating  for  gun  barrel  applica¬ 
tions.  These  materials  are  also  mentioned  in  more  detail  in  the  Battelle 
report  and  include  glass  matrix  fiber  reinforced  material  and  a  transforma¬ 
tion  toughened  zirconia  material.  We  are  presently  in  the  process  of 
evaluating  these  materials  in  gun  barrel  test  modules.  United  Technologies 
Research  Corporation  supplied  us  with  three  graphite  fiber  reinforced 
borosilicate  composite  gun  barrel  test  modules.  These  modules  survived 
single  shot  test  firing  of  up  to  10  rounds  with  only  a  slight  indication 
of  wear.  This  material  concept  has  the  potential  for  demonstrating  advan¬ 
tages  over  metal  alloys  such  as  low  density,  low  thermals-expansion,  higher 
operating  temperatures  and  contain  no  critical  elements.^  Further  evalua¬ 
tion  of  this  material  concept  is  continuing. 

Another  material  of  considerable  interest  is  the  transformation  tough¬ 
ened  zirconia.  This  material  has  shown  exceptional  physical  properties 
and  looks  particularly  attractive  as  a  gun  tube  liner.  One  particular 
characteristic  of  this  material  is  that  its  thermal  expansion  coefficient 
is  closer  to  the  value  for  gun  steel  than  any  other  ceramic  material. 

This  material  will  be  obtained  and  put  through  the  evaluation  process 
to  determine  its  value  as  a  gun  barrel  liner  material. 

The  program  as  it  stands  now,  will  be  capable  of  screening  prospec¬ 
tive  ceramic  materials  as  the  technology  improves.  Using  the  present 
candidate  materials  as  a  basis  of  comparison  allows  us  some  degree  of 
certainty  whether  any  future  material  has  potential  as  liners.  As  test 
firing  is  time  consuming  and  expensive,  we  can  make  our  selection  of  the 
best  material  knowing  what  properties  we  should  be  looking  for. 

RESULTS  AND  DISCUSSIONS 

The  past  few  years  has  seen  an  influx  of  improved  ceramic  materials. 
Although  ceramics  have  been  considered  experimentally  for  applications 
in  gun  barrels,  it  isn’t  until  recently  when  the  improvement  in  properties 
of  ceramic  materials  have  become  so  pronounced  that  real  potential  can 
be  realized.  In  order  to  get  a  better  feel  for  what  the  ceramic  industry 
can  offer  at  this  time,  AMMRC  contracted  Battelle  Columbus  Laboratories 
to  conduct  a  survey  on  the  past,  present,  and  future  applications  and 
studies  on  ceramic  materials  in  gun  barrels. 

A  final  report  was  submitted  by^P.  Stephan  and  A.  Rosenfield  entitled 
"Survey  of  Ceramics  in  Gun  Barrels."  The  report  gives  a  good  literature 
review  on  past  experimental  studies  of  ceramics  as  gun  barrel  liners  con¬ 
ducted  at  the  three  Armed  Services  Research  Centers.  Basic  gun  barrel 
design  considerations  are  presented  as  well  as  structural  designs  for 
ceramic  materials  in  particular  including  suggested  safety  factor  esti¬ 
mates.  Finally,  a  guide  for  the  selection  of  the  proper  ceramic  material 
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Table  I  PROPERTIES  OF  CERAMIC  MATERIALS 


Hatcrlal 

Oensij^ 

g/ci^ 

Melting 

Point 

Thennal 

Expansion 

Coefficient 

10-6/C 

Knoop 

Hardness 

kg/mnZ 

Poisson's 

Ratio 

Tensile 

Strength 

MPa 

C 

25  C 

2FT 

1000  C 

Alpha  SIC 

3.15 

t2800 

vapori zes 

4.02(RT-700) 

2800 

0.14 

459 

442 

React ton-Bonded  SIC 

3.10 

^800 

vaporizes 

3.I4{RT-500) 

2740 

0.127 

383 

461 

Hot-Pressed 

3.Z 

>1900 

Subl imes 

3.5(RT-1000) 

3500 

0.24 

700 

600 

ZrOj 

5.6-5.75 

2715 

10.6(RT-1400) 

1160 

- 

620(PSZ) 

345(PSZ) 

*W’ 

3.92-3.98 

2050 

9.0(RT-1400) 

2100 

0.22 

250-300 

234 

MulHte  (SAl^Oj-ZSiO^) 

3.15-3.23 

1870 

5.1(RT-1000) 

- 

- 

83 

48 

HgO^) 

3.6 

2800 

12(RT.1000) 

BOO 

0.20 

131 

69 

SraphUe  Fiber  - 
Borosltlcate  Glass  Matrix 

1.98 

•^00 

(glass 

softens) 

4.7(RT-600) 

-.500 

(glass) 

0.19 

850 

350 

(700  C) 

SIC  Fiber  -  LAS 

Glass-Ceramic  Matrix 

2.5 

■>.1000 

(glass 

softens) 

2.2(RT-1000) 

t600 

(glass) 

- 

600 

B50 

Gon  Steel 

8.0 

1450 

15(0-800) 

380 

0.3 

1172 

758 

Desired  for  Ceramic  Liner 

low 

>1500 

compatible 
with  sleeve 

high 

low 

high 

Itotertal 

CoMpressIvc 

Strength 

MPa 

Clastic 

NodutuS 

GPa 

Fracture 
Tou9hne** 
MPa«  1/2 

ThcnMl 

Conductivity 

cal/cw-sec'C 

nierwil 

Dlffusivity 

cm</sec 

25  C  1000  C 

JTC - 

TOOO'C 

25  C  1000  C 

25  C 

1000  C 

2S  C 

1000  C 

Alpha  SiC 

- 

409 

4.6 

6.4 

0.208 

0.08 

0.413  0.12 

ItNctlofl.BofKled  SiC 

1034 

332 

7.6 

7.6 

0.25 

0.076 

0.49  0.085 

Hot-Pressed 

552 

- 

310 

4.7 

4.7-12 

D.01I 

O.OIB*^' 

ZrOj 

20M{PSZ) 

1034(PS2) 

210(PS7) 

9.5 

5.0 

0.004 

0.005 

0.0069^^^  0.006«(^^ 

2206 

552 

407 

5,0 

3.6 

0.075 

0.015 

0.90^^^  0.0?*^* 

Ibillite  (SAljOj-ZSiO^) 

1000 

- 

143 

69 

- 

0.0)5 

0.010 

- 

827 

276 

303 

276 

0.11 

Graphite  Fiber  - 

320 

193 

21.4 

19 

- 

- 

Borosillcate  Glass  itolrii 

(600) 

SIC  Fiber  -  LAS 

138 

110 

17 

25 

0.0035 

. 

0.0073^^^ 

Glass-Cerawlc  Itatri* 

Gun  Steel 

•vllOO 

- 

207 

110 

- 

0.184 

o'.  10 

0.21^^^  0.08^^* 

Desired  fcr  Ceramic  Liner 

high 

low 

high 

low 

low 

Notrt:  (I)  Sow  dat*  wy  be  outdated. 

(2)  Calculated  «atues. 

(3)  See  reference*  l8-2d. 


Conver*tDw  Factor* 

1  MPa  -  MS  tb  r/1n.*  (p*l),  .  ^ 
I  GPa  -  1.45  *  19^  Ib  #/<n.^  (plO 
1  wter  (•)  •  3.»  feet  (ft) 


for  consideration  for  test  as  a  gun  barrel  liner  is  outlined.  Table  I 
lists  the  physical  properties  of  selected  ceramic  materials  including 
gun  steel  for  comparison  and  is  also  found  in  the  report.  At  the  bottom 
of  each  table  gives  the  desirable  trend  of  that  property  for  a  potential 
liner  material.  The  data  on  these  tables  were  collected  from  a  variety 
of  sources  and  as  such  they  may  have  been  obtained  under  differing  test 
conditions.  As  a  result^  a  direct  comparison  between  materials  should 
only  be  regarded  as  differences  of  a  general  magnitude  and  not  absolute 
values.  As  an  excercise,  a  group  of  researchers  at  Battelle  were  asked 
to  rate  the  materials  from  1  to  6  (one  being  best)  based  on  their  own 
information  on  the  materials.  Table  II  gives  a  summary  of  four  evaluations 
where  the  lowest  total  scores  represents  the  best  materials.  The  total 
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Table 

II  GUN 

BARREL 

MATERIAL  SELECTION 

Ranking  (Low  Score  is 

Best) 

Material 

Overall 
Properties 
(Mechanical , 
Thermal ) 

Cost 

Fabricabil  ity 

Availability 

Totals 

Alpha  SiC 

13 

17 

12 

12 

54 

Hot  Pressed  Si^N^ 

12 

23 

17 

16 

68 

Zirconia 

9 

13 

11 

11 

44 

Sl3N4/Zr02 

Ceramic  Matrix  Composite 

13 

17 

19 

24 

73 

SiC/LAS 

Glass  Matrix  Composite 

13 

10 

17 

17 

47 

Stellite  (Cr-Mo-V  Steel) 
(Currently  U'^^ed) 

24 

4 

4 

4 

36 

score  takes  into  consideration  cost,  f abricability ,  and  availability  as 
well  as  the  overall  physical  properties*  The  best  ceramic  material  accord¬ 
ing  to  this  experiment  is  zirconia  followed  by  the  fiber  reinforced  glass 
matrix  composite  and  silicon  carbide.  Stellite  appears  as  the  best  materi¬ 
al  according  to  the  ranking,  but  it  does  not  measure  up  to  the  wear  and 
erosion  resistance  of  ceramic  materials.  At  this  time,  this  method  of 
selecting  materials  is  only  a  guide  and  more  study  must  be  made  to  deter¬ 
mine  its  usefulness.  This  is  only  one  of  many  techniques  that  can  be  used 
to  evaluate  the  data  but  one  we'll  use  until  we  can  get  all  the  materials 
into  the  system  and  analyze  the  results.  The  Si^N^/ZrO^  composite  is 
not  presently  available,  but  was  included  as  a  new  idea  for  comparative 
purposes . 

Discontinuous  graphite  fiber  reinforced  glass  matrix  composites  has 
been  and  is  an  active  part  of  United  Technologies  Research  Corporation 
research  program.  The  materials  they  developed  exhibited  excellent 
strength  (  100  ksi)  and  fracture  toughness  20  ksi  y^in.  )  and  could 

be  designed  for  particular  requirements  such  as  oxidation  resistance  at  high 
temperatures,  moderate^or  low  thermal  expansion  coefficient,  and  designated 
anistropic  properties.  In  particular,  the  graphite  reinforced  glass  matrix 
composite  exhibited  excellent  friction  and  wear  properties.  The  high 
strength  and  low  modulus  characteristics  of  this  composite  coupled  with  its 
wear  properties  made  this  material  a  good  prospect  for  gun  barrel  applic¬ 
ations.  UTRC  was  subsequently  contracted  by  AMMRC  to  determine  the  feasi¬ 
bility  of  fabricating  cyliners  of  graphite  fiber  reinforced  borosilicate 
glass  composites. 

The  contract  called  for  three  gun  barrel  test  modules  lined  with  this 
material  and  test  fired.  However,  there  was  much  more  involved  in  the 
program  in  that  as  a  feasibility  study,  it  included  the  investigation  of 
a  variety  of  fabrication  techniques  and  a  design  analysis  by  Maremont  Corp., 
who  was  a  subcontractor,  to  evaluate  the  effect  of  liner  thickness  and 
amount  of  liner/sleeve/ jacket  interference  fit  on  the  resultant  liner 
stresses.  They  also  fabricated  the  test  barrel  assembly  and  test  fired 
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each  for  10  rounds  single  shot.  This  information  is  described  in  detail 
on  the  final  report  submitted  to  AMMRC  for  this  program. 

Although  other  fabrication  techniques  such  as  hot  isostatic  pressing 
(hip)  and  creep  forming  of  cylinders  were  investigated,  hot  pressing  was 
most  successful  method  for  producing  this  particular  composite  material. 
Fig.  1  shows  the  hot  pressed  ingot  of  the  graphite  fiber  reinforced  boro- 
silicate  glass  composite  and  the  cylinders  that  were  cored  out  of  it. 
These  cylinders  were  machined  aind  shrink  fitted  as  liners  into  gun  barrel 
test  modules  (Fig.  2)  and  test  fired. 


Fig.  1  B080S1LICATE/SRAPHITE  FIBER  REIHFORCEO 
INGOT  AND  COREiDRllLED  CVLIMERS  ■: 


Ftq.  t  BARREL  ASSEMBLY  WITH  80R0SIL I  CATE/GRAPHITE 
FIBER  REIHEORCED-LINER^.t 
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The  results  of  this  program  demonstrated  that  the  concept  of  a  fiber  rein¬ 
forced  glass  matrix  composite  as  a  lightweight,  low  modulus  and  tough 
material  can  survive  as  a  gun  barrel  liner.  Testing  at  this  point  has 
only  been  under  single  shot  conditions,  but  the  use  of  higher  temperature 
glass  and  fibers  can  conceivably  withstand  multiple  shot  conditions. 
However,  further  testing  must  be  conducted  to  evaluate  the  extent  of  wear 
the  liner  undergoes  at  extended  firing  conditions  of  around  1000  rounds. 

Ceramic  liners  in  gun  barrels  have  been  test  fired  single  shot  using 
smooth  bore  tubes.  A  critical  factor  in  the  acceptance  of  the  concept 
of  using  ceramic  liners  is  the  matter  of  rifling.  Conventional  rifling 
techniques  at  this  time  cannot  be  easily  adapted  to  ceramic  materials. 

This  has  been  a  major  obstacle  in  visualizing  ceramics  in  gun  tube  liner 
applications.  Most  of  the  ceramic  materials  that  can  be  considered  for 
application  in  gian  barrels  are  extremely  hard  and  require  diamond  tooling 
to  machine.  The  I.D.  of  a  small  calibre  barrel  such  as  a  .50  calibre 
is  limited  in  space  for  any  kind  of  cutting  tool  to  be  manipulated  prop¬ 
erly.  In  the  past  few  years,  a  machining  technique  for  brittle  materials 
has  been  developed  using  ultrasonics. 

Ultrasonic  machining  is  a  method  where  a  high  frequency  (20  kHz) 
energy  is  imparted  to  a  cutting  medium  such  as  a  slurry  of  abrasives 
(boron  carbide)  to  chip  away  the  brittle  material  microscopically  in  areas 
where  the  cutting  action  is  required.  Bullen  Ultrasonics  of  Eaton,  Ohio 
was  contracted  to  rifle  two  alpha  silicon  carbide  tubes  which  were  7" 
long  and  in  bore  diameter.  The  rifling  consisted  of  eight  grooves 
and  lands  with  a  spiral  of  one  revolution  in  15”.  The  procedure  consisted 
of  tooling  that  could  cut  the  eight  grooves  all  at  one  time.  The  tooling 
does  the  ultrasonic  cutting  and  a  fixture  designed  to  rotate  the  tube 
for  the  proper  rotation.  After  much  trial  and  error,  the  procedure  was 
refined  and  rifling  of  the  inside  diameter  of  ceramic  tubes  was  accom¬ 
plished.  Fig.  3  shows  the  comparison  of  the  rifling  seen  in  a  typical 
stellite  liner  with  that  recently  accomplished  in  a  silicon  carbide  tube. 
As  you  can  see  by  the  photos,  the  ultrasonic  process  does  a  nice  job  pro¬ 
ducing  the  rifling  in  the  silicon  carbide  tube. 

This  procedure  is  ideal  for  rifling  ceramic  liners  but  several  ques¬ 
tions  remain  to  be  answered.  The  rifled  tube  will  now  have  to  be  shrink 
fitted  into  the  test  module  and  so  it  remains  to  be  seen  how  these  grooves 
will  affect  the  material.  There  is  still,  however,  the  alter-  native 
of  rifling  the  ceramic  liner  after  it  has  been  shrink  fitted  into  the 
module.  This  would  require  considerable  modification  of  the  fixture  used 
to  rifle  the  ceramic  tube  as  the  added  weight  and  size  would  have  to  be 
accommodated.  The  design  of  the  rifling  has  been  duplicated  from  the 
stellite  tube^  therefore,  redesign  of  the  configuration  would  have  to 
be  considered  if  the  rifled  liner  suffers  adversely  during  the  shrink¬ 
fitting  and,  of  course^  during  the  test  firing.  Although  there  is  now 
a  procedure  for  producing  rifling  in  a  ceramic  liner,  there  are  still 
these  questions  that  have  to  be  resolved  and  we  will  be  concentrating 
on  these . 

Included  in  our  program  for  selecting  candidate  materials  for  evalua¬ 
tion  is  the  new  form  of  zirconium  oxide.  This  material  is  characterized 
as  transformation  toughened  or  partially  stabilized  zirconia  and  is  vastly 
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improved  over  the  zirconia  product  of  the  past.  The  sales  promotion  de— 
scribes  this  as  the  "strongest  and  toughest"  ceramic  oxide  available  today. ^ 
Potential  applications  are  where  toughness^  resistance  to  chemical  attack^ 
and  ability  to  withstand  rapid  temperature  changes  are  required.  Partially 
stabilized  zirconia  has  the  lowest  coefficient  of  friction  against  steel 
of  any  of  the  ceramic  materials  (.55  for  zirconia  versus  .77  for  hot  press¬ 
ed  silicon  nitride)?  In  contrast  to  other  ceramic  materials  where  damage 
due  to  surface  grinding  lowers  the  strength^  grinding  of  this  material 
increases  the^ transverse  rupture  strength  from  490  MPa  (71  ksi)  to  600 
MPa  (87  ksi).^  All  of  these  properties  make  this  material  ideally  suited 
for  gun  barrel  liners.  One  drawback  for  this  material  is  its  high  density 
which  makes  it  heavier  than  most  ceramics^  but  its  mechanical  properties 
look  very  promising  and  deserves  evaluation  as  a  liner  material.  We  are 
now  in  the  process  of  procuring  this  material  and  expect  to  put  it  into 
the  system  for  testing  and  evaluation. 

CONCLUSION 

The  results  of  this  study  has  suggested  a  criteria  by  which  ceramic 
materials  may  be  screened  for  possible  application  as  gun  tube  liners. 

The  preliminary  tests  on  some  of  the  materials  selected  by  this  process 
indicate  that  they  can  survive  the  shrink  fitting  procedure  and  the  single 
shot  firing  tests  conducted  on  them.  Further  evaluation  will  be  continued 
on  these  candidate  materials  selected  to  determine  if  this  selection  pro¬ 
cedure  has  merit.  Other  factors  such  as  fabricability,  availability, 
and  cost;  will  also  have  to  be  considered  in  the  future.  However,  for 
this  first  round,  candidate  ceramic  materials  will  continue  to  be  selected 
by  this  criteria. 

All  the  data  indicates  that  ceramics  can  offer  all  the  physical  re¬ 
quirements  necessary  for  surviving  the  severe  conditions  generated  by 


the  next  generation  of  advanced  high  performance  weaponry.  The  increased 
wear  and  erosion  resistance  and  high  temperature  operation  that  ceramic 
materials  can  provide  is  the  major  factor  in  its  acceptance  as  gun  barrel 
liners.  The  added  feature  of  producing  rifled  ceramic  liners  enhances 
its  future  for  gun  barrel  applications.  Once  the  concept  of  ceramic  lin¬ 
ers  is  accepted^  extensive  designing  for  its  application  can  be  imple¬ 
mented.  Proper  designing  of  gun  tubes  using  ceramic  liners  has  the  potent¬ 
ial  of  producing  a  weapon  that  will  last  longer,  maintain  performance 
and  be  lighter  in  weight.  Although  ceramic  liners  at  this  time  may  cost 
more  than  stellite  liners,  for  instance,  the  potential  for  longer  life 
expectancy  would  make  it  cost  effective. 

Future  study  on  ceramic  liners  will  concentrate  on  the  three  candi¬ 
date  materials  selected  and  any  others  that  satisfy  the  physical  require¬ 
ment.  At  this  time,  test  firing  of  these  liners  are  conducted  on  a  .50 
calibre  test  gun  under  single  shot  conditions.  The  ultimate  test  for 
those  materials  that  survive  this  stage  of  testing  will  be  under  rapid 
fire  conditions.  Multiple-fire  testing  will  determine  the  feasibility 
of  ceramic  liners  surviving  under  more  realistic  conditions. 
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FEASIBILITY  OF  GLASS  MATRIX  COMPOSITE  CYLINLERS 
FOR  GUN  BARREL  LINER  APPLICATIONS 

R-  A.  Giles  and  E.  Running 
Saco  Defense  Systems  Division 
Maremont  Corporation 
Saco,  Maine 


ABSTRACT 

The  feasibility  of  using  glass  matrix  composite  materials  for  gun  barrel 
liners  was  investigated.  Liner  blanks  were  fabricated  by  United  Technology 
Research  Center  from  borosilicate  glass  reinforced  with  discontinuous  graphite 
fibers.  Fiber  orientation  of  the  liner  was  in  the  radial  plane.  Three  liners 
were  machined  to  configurations  selected  by  analytical  studies,  assembled  into 
modified  .50  caliber  barrels,  and  test  fired  for  ten  rounds  each.  The  firing 
tests  indicated  that  a  low  modulus,  fracture  tough,  ceramic  composite  such  as 
graphite  reinforced  glass  is  capable  of  withstanding  the  pressure  stresses 
resulting  from  firing  without  failure  and  exhibits  potential  as  a  gun  barrel  liner 
material . 


BACKGROUND 

The  erosion  and  wear  of  gun  barrels  has  long  been  recognized  as  a  serious 
problem  and  considerable  effort  has  been  directed  towards  finding  a  solution.  The 
stellite  lined  chrome  plated  barrel  design  developed  during  World  War  II  was  very 
effective  in  increasing  barrel  life  by  significantly  reducing  erosion  and  wear  in 
small  caliber  rapid  fire  weapons.  Today’s  new  large  caliber,  high  performance  gun 
systems  present  even  more  severe  erosion  problems.  This,  and  the  potential 
shortage  of  critical  materials  make  it  desireable  to  develop  new  barrel  liners 
from  non-critical  materials  having  improved  wear  and  erosion  resistance.  One 
such  class  of  materials  is  ceramics.  The  Saco  Defense  Systems  Division  of 
Maremont  Corporation  (SDSD),  under  contract  to  U.S.  Army  ARRADCOM  has  demonstrated 
the  feasibility  of  applying  ceramics  in  this  application  by  successfully  firing 
1000  rounds,  single  shot,  in  a  modified  M2  .50  caliber  machine  gun  barrel  equipped 
with  a  silicon  carbide  liner  (Figure  1). 


The  work  described  in  this  paper  was  performed  by  United  Technology  Research 
Center  under  contract  (DAAG46~81-C-0026)  to  AMMRC.  Saco  Defense  Systems  Division 
of  Maremont  Corporation  served  as  subcontractor  to  UTRC  for  design  consultation, 
test  barrel  fabrication,  and  verification  testing. 
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Although  silicon  carbide  exhibits  the  high  temperature  wear  and  erosion 
resistance  required  of  a  successful  liner  material,  its  inherent  properties  impose 
limits  on  the  design  and  fabrication  processes.  The  combination  of  relatively  low 
tensile  strength  and  a  modulus  of  elasticity  exceeding  that  of  steel  -  causing  the 
liner  to  carry  a  large  share  of  the  pressure  load  -  requires  that  the  liner  be 
installed  with  considerable  compressive  prestress  (shrinkfit)  in  order  to  prevent 
the  tensile  strength  limit  from  being  exceeded  during  firing.  Low  impact 
resistance  and  high  notch  sensitivity  make  the  material  sensitive  to  structural  or 
surface  imperfections  and  require  careful  control  of  the  manufacturing  process. 

Eecognizing  the  limitations  imposed  by  the  mechanical  properties  of 
monolithic  ceramic  materials,  the  U.S.  Army  Materials  and  Mechanics  Research 
Center  (AMMRC)  awarded  a  contract  to  United  Technologies  Research  Center  (UTRC)  to 
investigate  the  feasibility  of  fabricating  a  glass  matrix  composite  material  a's  a 
liner  for  gun  barrels.  Because  of  prior  experience  in  this  area,  SDSD  was 
selected  as  subcontractor  for  engineering  consultation,  test  barrel  fabrication 
and  verification  firing. 


MATERIAL  SELECTION 

The  family  of  composite  materials  known  as  COMPGLAS™  was  considered  for 
evaluation.  These  materials  consist  of  glass  and  glass-ceramic  matrices 
reinforced  with  a  variety  of  fibers,  including  graphite,  SiC  and  ALpO^  and  possess 
good  fracture  toughness  and  low  notch  sensitivity  when  compared  with  monolithic 
ceramics.  Although  their  strength  is  relatively  low,  their  modulus  of  elasticity 
is  much  less  than  that  of  steel.  For  this  reason,  liner  pressure  loads  are 
largely  reacted  by  the  surrounding  barrel,  and  liner  stresses  for  any  given 
pressure  load  are  reduced.  Tensile  strength,  therefore,  becomes  less  of  a 
critical  factor  than  for  monolithic  ceramics. 

The  specific  material  selected  by  UTRC  for  initial  liner  fabrication  was  a 
boro-silicate  glass  matrix  (Corning  7740)  with  graphite  fiber  reinforcement. 
Although  this  particular  material  has  insufficient  long  term  high  temperature 
capability  and  a  low  coefficient  of  thermal  expansion  which  will  result  in  loss  of 
shrinkfit  at  elevated  temperature,  it  was  judged  suitable  for  inital  concept 
verification  and  readily  lent  itself  to  the  proposed  fabrication  method.  After 
successful  verification,  efforts  could  then  be  directed  toward  optimizing  the 
fiber/matrix  combination  to  obtain  a  more  favorable  coefficient  of  thermal 
expansion  and  improved  high  temperature  capability. 

METHOD  OF  FABRICATION 

Three  possible  fabrication  concepts  for  the  composite  liner  were  investigated 
by  UTRC.  These  are  depicted  in  Figure  2.  Since  fiber  orientation  in  the 
composite  material  is  planar,  the  method  of  manufacture  determines  the  fiber 
orientation  and,  therefore,  the  directions  of  maximum  strength  in  the  liner.  For 
this  reason,  the  manufacturing  method  must  be  based  on  structural  as  well  as 
manufacturing  considerations. 
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Concept  with  fiber  orientation  in  the  radial  and  tangential  directions, 
was  chosen  for  the  fabrication  of  test  liners  because  it  resulted  in  maximum 
material  strength  in  the  plane  of  the  two  principal  liner  stresses.  As  it 
happened,  this  concept  was  also  the  easiest  to  manufacture - 

A  billet  of  COMPGLASS^^^  was  first  fabricated  by  uniaxially  hot  pressing  glass 
powder  impregnated  plies  of  chopped  graphite  fiber  paper  in  square  dies.  The 
structure  of  the  billet  is  shown  on  Figure  3*  Fiber  orientation  is  in  the  plane 
defined  by  Axis  1  and  2. 

Liner  blanks  were  then  core  drilled  from  the  billet.  The  axis  of  the  liner 
lies  along  Axis  3*  This  process  is  depicted  in  Figure  4* 

MATERIAL  PROPERTIES 

Selected  properties  of  the  proposed  liner  material  are  summarized  in  Table  I. 
Strength  and  elastic  properties  are  shown  both  in  the  plane  of  the  fibers 
(Prinicipal  Axis  1  and  2)  and  perpendicular  to  the  fibers  (Principal  Axis  3)*  It 
is  apparent  that  the  selection  of  fiber  orientation  in  the  liner  is  an  important 
design  parameter  because  of  the  highly  directional  strength  properties.  Material 
properties  for  sintered  alpha  silicon  carbide  and  Cr-Mo-V  barrel  steel  are  also 
shown  for  comparison. 


DESIGN  OF  TEST  BARRELS 

A  computer  program,  previously  developed  by  SDSD,  was  used  to  evaluate  design 
parameters  in  the  following  areas: 

-  The  structurally  important  material  properties  and  their  influence 
on  liner  design  parameters. 

-  The  effect  of  variable  liner  wall  thicknesses  and  modulus  of  elasticity 
on  the  maximum  liner  stresses  resulting  from  bore  pressure. 

-  The  liner  geometry  and  interference  fits  required  for  three  test  barrels 
to  be  used  in  room  temperature  verification  tests. 


The  general  design  guidelines  for  the  barrel  liner  can  be  summarized  as 
follows : 

-  Because  the  modulus  of  elasticity  of  the  liner  material  is  considerably 
lower  than  that  of  the  barrel  itself  (8  Msi  vs  30  Msi)  the  bore  pressure  loads  are 
largely  reacted  by  the  barrel  and  liner  stresses  remain  at  relatively  low  levels. 
Thus,  lower  material  strength  properties  become  acceptable  if  accompanied  by  a 
sufficiently  low  modulus  of  elasticity.  (Figure  5) 

“  The  tangential  (tensile)  liner  stresses  due  to  bore  pressure  decrease 
substantially  as  the  liner  wall  thickness  is  reduced.  The  radial  (compressive) 
stresses,  however,  are  not  significantly  affected  by  decreasing  liner  wall 
thickness.  It  is,  therefore,  concluded  that  the  lowest  practical  liner  wall 
thickness  should  be  selected.  (Figure  6) 
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-  Radial  compressive  stresses  at  the  bore  surface  are  numerically  equal  to 
the  bore  pressure  (approximately  55,000  psi  max-)*  The  liner  material  must  be 
capable  of  handling  this  stress  level. 

-  The  pressure  stresses  are  dynamic  in  nature,  and  therefore,  direct 
comparison  with  the  static  strength  properties  of  the  liner  material  is 
misleading.  Until  information  on  the  dynamic  strength  and  fatigue  properties  of 
ceramic  liner  materials  becomes  available,  the  computed  data  can  only  serve  as  a 
guideline. 

-  Pressure  stresses  in  the  liner  wall  are  not  uniform  but  subject  to 
substantial  gradients.  It  is  suggested,  therefore,  that  the  modulus  of  rupture 
(flexural  strength),  or  some  modification  thereof,  is  perhaps  a  more  valid 
criterion  for  the  evaluation  of  liner  tensile  capability  than  the  direct  tensile 
strength. 

-  The  low  coefficient  of  thermal  expansion  of  this  material  results  in  rapid 
loss  of  shrinkfit  at  elevated  (stabilized)  barrel  temperatures.  In  order  to 
maintain  at  least  wall  to  wall  contact  between  liner  and  barrel  at  realistic 
maximum  barrel  temperatures  (assumed  at  1200^F),  shrinkfits  would  have  to  be 
employed  which  would  result  in  compressive  stresses  exceeding  the  yield  strength 
of  the  material.  Without  such  shrinkfits,  a  gap  would  form  between  liner  and 
barrel  which  would,  presumably,  result  in  immediate  tensile  liner  failure  of  the 
liner  under  bore  pressure  conditions.  (Figure  7) 


The  barrel  assembly  designed  for  test  firing  of  the  glass  matrix  composite 
liner  is  similar  to  that  employed  previously  as  a  test  bed  for  the  SiC  liner.  A 
breech  and  muzzle  section  are  slip  fit  together  and  held  in  position  with  a 
retaining  nut.  The  breech  section  consists  of  the  liner,  a  steel  sleeve,  jacket 
and  retainer.  Shrinkfits  are  employed  between  the  liner  and  sleeve  and  sleeve  and 
jacket  to  maintain  the  liner  in  compression.  In  view  of  the  low  interference  fit 
required  in  this  installation,  a  separate  sleeve  is  theoretically  not  necessary 
but  was  retained  because  it  facilitates  liner  installation. 

The  three  configurations  selected  for  fabrication  are  summarized  in  Table  II. 
The  liner  wall  thicknesses  and  interference  fits  shown  were  selected  such  that 
the  calculated  resultant  tangential  stress  was  in  reasonable  conformance  with  the 
known  static  strength  properties  of  the  liner  material.  A  liner  wall  thickness  of 
.150"  was  thought  to  be  the  minimum  practical  thickness  to  insure  liner  integrity 
during  handling  and  installation.  Configuration  1  has  a  stress  exceeding  the 
material  ultimate  (static)  limit.  Configuration  2  has  a  stress  approximately  at 
this  limit,  while  the  stress  in  Configuration  5  is  below  this  limit. 

Figure  8  is  a  graphical  presentation  of  the  radial  and  tangential  stresses 
throughout  the  barrel  wall  as  calculated  by  the  computer  for  verification  test 
Assembly  #1 .  The  other  configurations  have  similar  stress  profiles. 

BARREL  ASSEMBLY  AND  FIRING  TEST 

Three  test  barrel  assemblies  were  manufactured  by  SDSD  to  obtain  the 
diameters  and  interference  fits  previously  selected. 
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The  actual  diameters  and  interference  fits  obtained  on  the  various  components 
are  summarized  in  Table  III.  The  results  achieved  were  very  close  to  the  desired 
target  values. 

After  assembly,  each  liner  was  inspected  for  ID  size,  surface  finish,  and 
evidence  of  cracks  using  fluorescent  penetrant  inspection  techniques.  All 
assemblies  were  observed  to  have  circumferential  indications  of  cracks  in  the  bore 
approximately  1/4  to  3/4"  from  the  muzzle  end  of  the  liner.  It  is  suspected  that 
crack  formation  is  connected  with  nonuniform  heating  or  cooling  of  the  jacket  when 
shrink  fitting  the  liner/sleeve  subassembly.  The  heating  method  to  be  used  for 
future  assemblies  will  be  modified  to  obtain  more  uniform  heating  and  cooling. 

Each  barrel  assembly  was  fired  for  a  total  of  10  rounds  single  shot.  The 
liner  bore  surface  was  monitored  periodically  with  a  bore  scope  to  check  for 
evidence  of  new  cracks  or  the  growth  of  pre-existing  ones.  No  changes  were 
observed. 

Figure  9  shows  Assembly  f5^3  after  the  firing  tests.  Liner  bore  diameters  were 
measured  at  1 "  intervals  before  and  after  firing  and  the  results  are  shown  in 
Figure  10.  The  average  growth  in  bore  diameter  was  .0002  inch  with  individual 
values  ranging  from  -.0002  to  +.0007  inches. 

The  liner  ID  surface  finish  was  measured  before  and  after  firing  and  the 
results  are  summarized  in  Table  IV.  A  noticeable  increase  in  surface  roughness 
was  observed. 


SUMARY 

Test  results  indicate  that  a  low  modulus  composite  ceramic  material  deserves 
consideration  as  a  candidate  for  barrel  liners.  Initial  verification  tests  on 
this  first  generation  material  have  shown  that  it  is  capable  of  withstanding  the 
pressure  and  thermal  stresses  induced  by  firing  at  least  under  ambient  temperature 
conditions.  The  material  also  exhibits  a  high  degree  of  insensitivity  towards 
surface  defects.  Even  with  cracks  present  in  the  original  assembly,  no  tendency 
towards  crack  growth  or  catastrophic  failure  was  observed. 

Wear  and  erosion  data  still  need  to  be  determined  through  extended  firing 
tests.  These  tests  are  now  being  conducted  by  SDSD  under  contract  to  AMI4RC.  The 
low  coefficient  of  thermal  expansion  of  the  material  tested  is  a  definite 
shortcoming.  The  thermal  coefficient  of  expansion  of  a  practical  liner  material 
must  be  matched  to  that  of  the  barrel  material  to  allow  operation  at  elevated 
temperatures  without  the  loss  of  the  initial  interference  fit. 

CONCLUSION 

It  is  our  hope  that  this  presentation  will  provide  the  material  designer  with 
some  insight  into  the  parameters  of  barrel  liner  design  and  provide  guidance  in 
the  development  of  improved  materials. 
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steel  Jacket 

Steel  Sleeve 
Ceramic  Liner 


Retaining  Nut 


Muzzle 


z 


Liner  Retainer 

Fig.  1.  Test  barrel. 


CONCEPT  NO.  1 

•  CIRCUMFERENTIALLY  WRAPPED  CHOPPED  FIBER  PLIES 

•  NO  DISCONTINUITIES 

•  WEAKEST  DIRECTION  IS  RADIAL 

•  HOT  ISOSTATIC  PRESSING  (HIP)  FABRICATION 


CONCEPT  NO.  2 

•  CIRCUMFERENTIALLY  WRAPPED  PLIES 

•  DISCONTINUITIES  FOR  EASE  OF  FABRICATION 

•  WEAKEST  IN  RADIAL  DIRECTION  AND  IN  TANGENTIAL 
DIRECTION  OF  DISCONTINUITIES 

•  FABRICATION  BY  CREEP  FORMING  IN  SHAPED  DIES 


CONCEPT  NO.  3 

•  FIBERS  IN  RADIAL  AND  TANGENTIAL  DIRECTIONS  ONLY 

•  WEAK  IN  AXIAL  DIRECTION 

•  FABRICATION  BY  CORE  DRILLING  HOT-PRESSED  BILLETS 


United  Technologies 
Research  Center 


Fig.  2.  Liner  concepts. 
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LINER  TANGENTIAL  STRESS  AT  55.000  psi  BORE  PRESSURE  (ksi) 


Fig.  5.  Liner  stress  vs.  elastic  modulus.  Fig.  6.  Liner  stress  vs.  wall 

thickness. 


LOSS  OF  INTERFERENCE  FIT  WITH  BARREL  TEMP.  RISE 


Fig.  7.  Loss  of  interference  fit. 
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Fig.  10.  Bore  diameters. 


TABLE  I 

COMPARATIVE  PROPERTIES  OF  LINER  AND  BARREL  MATERIALS 
AT  AMBIENT  TEMPERATURE  CONDITIONS  EXCEPT  AS  NOTED 


Graphite/Class 

Sintered  Alpha 

Composite 

Silicon  Carbide 
(at  1472°F) 

Cr,  Mo,  V 

Principal  Axis  1-2 

Pj;;_i  n c i p a J_A)Ei  s  _3 

Gujri_SteeJ 

Thermal  Conductivity  BTU-in. 

(C) 

Unk. 

Unk. 

343 

324 

Modulus  of  Rupture  (psi) 

(R) 

45,300 

- 

64,100 

Young's  Modulus  (psi) 

(E) 

8  X  10^ 

5.2  X  10^ 

59.4  X  10^ 

30  X  10^ 

Coefficient  of  Thermal  Expansion  (1/^F) 

(A) 

.94  X  10'^ 

2.67  X  10'^ 

6.3  X  10“ 

Poisson's  Ratio 

.19 

- 

0.142 

0.30 

Ult.  Tensile  Strength  (psi) 

19,400 

1,000 

48,000 

200,000 

Compressive  Strength  (psi) 

46,400 

113,000 

500 ,000 

200,000 
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TABLE  II 


SELECTION  OF  LINER  GEOMETRY  AND  INTERFERENCE  FITS 
FOR  VERIFICATION  TEST  HARDWARE 


Diametral  Tangential  Stress  At  Liner  Bore 

Interference _  Resultant 


Configuration 

Comp. 

Run 

Liner 

Wall 

(in.) 

.200 

Liner/ 

Sleeve 

(in.) 

.0005 

Sleeve/ 

Jacket 

(in.) 

Stress 

Max. 

(ksi) 

Pressure 

Stress 

(Itsi) 

Shrink 

Stress 

(ksi) 

1 

1 

.0005 

32.2 

40.3 

-8.1 

2 

2 

.200 

.0015 

.0005 

20.7 

40.3 

-20.7 

3 

9 

.150 

.0015 

.0017 

9,1 

35.4 

-26.3 

TABLE  III 


Summary  of  Dimensional  Inspection  Results 


Liner/Sleeve  Dimensions  (in.) 

1 

Assembly  No. 

2 

3 

Liner  OD 

.9100 

.9102 

.8102 

Sleeve  ID 

.9095 

.9086 

.8087 

Interference  (Actual) 

.0005 

.0016 

.0015 

Interference  (Target) 

.0005 

.0015 

.0015 

Sleeve/Jacket  Dimensions  (in.) 

Sleeve  00 

1.3102 

1.3126 

1.3107 

Jacket  ID 

1.3095 

1.3119 

1.3090 

Interference  (Actual 

.0005 

,0007 

.0017 

Interference  (Target) 

.0005 

.0005 

,0017 

TABLE  IV 

Effect  of  Firing  on  Liner  ID  Surface  Finish  (RMS) 

ID  Finish 

Assembly  No. 

1  2 

3 

Before  Firing 

12  11 

12 

After  Firing 

45  20 

25 
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ADVANCED  HIGH  PERFORMANCE  GUNS  WITH  REFRACTORY  LINERS  FOR  EROSION  RESISTANCE 


P.  D.  Aalto,  G.  P,  0*Hara,  and  G.  D^Andrea 
U.S.  Army  Armament  Research  and  Development  Command 
Large  Caliber  Weapon  Systems  Laboratory 
Benet  Weapons  Laboratory 
Watervliet,  NY  12189 

ABSTRACT 

An  overview  of  liners  and  their  application  to  advanced  high  performance  guns 
is  presented.  Technology  efforts  with  20  mm  and  large  caliber  105  mm  gun  barrels/ 
tubes  are  reviewed.  The  facility  used  for  shrinking  a  liner  into  the  tube  is 
explained.  Structural  analysis  performed  during  the  design,  manufacturing,  and 
testing  phases  is  described.  Results  of  tests  conducted  with  the  shrink  facility 
and  results  of  the  test  firing  of  the  tube  and  liner  are  given. 

INTRODUCTION 

Many  future  large  caliber  cannon/gun  tubes  will  be  designed  for  higher  muzzle 
velocity  and  higher  rates  of  fire.  As  a  result,  the  tubes  will  have  to  endure 
higher  chamber  pressures,  higher  propellant  flame  temperatures,  and  unless  the 
current  trend  in  tube  design  is  altered,  the  tube  bore  will  wear  excessively  even 
though  it  is  plated  with  conventional  hard  chromium. 

Tube  liners  utilizing  advanced  technology  are  a  viable  option  for  reducing  the 
wear  of  the  tube  bore.  Liners  will  be  required  because  the  cost  of  using  advanced 
technology  coatings  to  protect  the  complete  bore  of  the  tube  will  make  the  cost  of  a 
future  tube  exceptionally  and  possibly  prohibitively  high.  Also  the  cost  of  gun 
tube  forgings,  the  raw  material,  has  risen  dramatically  over  the  past  several  years. 
Inserting  advanced  technology  erosion  resistant  liners  into  gun  tubes  may  provide 
the  option  that  is  needed  for  the  future.  The  liners  will  have  a  longer  wear  life, 
will  be  far  more  resistant  to  the  erosive  effects  due  to  high  propellant  pressure 
and  flame  temperatures  and,  when  worn,  will  be  replaceable  by  removing  the  worn 
liner  and  inserting  a  new  liner. 

Liners  have  been  used  in  the  past.  During  the  1940* s  and  1950* s,  the  8**  Gun  Ml 
and  the  280  mm  ’Atomic  Cannon*  both  were  fabricated  with  a  liner. ^>2  Loose  liners 
have  been  used  in  the  Army  75  mm  and  90  mm  gun  tubes. ^  For  many  years,  the  Navy  has 
also  made  use  of  both  loose  and  shrink  fitted  liners.  A  recent  Navy  test  of  a 
prototype  5*V54  gun  barrel  with  loose  insert  further  demonstrated  the  feasibility  of 
using  liners.^  Many  small  arm  rifle  barrels  are  constructed  today  using  stellite 
liners.  The  vjork  described  in  this  paper  will  show  that  it  is  now  possible  to 
insert  advanced  technology  erosion  resistant  liners  into  large  caliber  gun  tubes. 

20  MM  LINER  TECHNOLOGY 

Three  recent  reports  detail  the  extensive  work  performed  with  20  ram  liners. 

A  total  of  18  gun  barrels  (20  mm  M24A1)  were  used.  Fourteen  (14)  of  these  had 


Distribution  limited  to  US  Government  Agencies  only  because  of  test  and  evaluation; 
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liners.  In  all,  45,982  rounds  of  20  mm  M99A1  cartridges  were  fired  during  the 
entire  test  program. 

Table  I  is  a  summary  of  the  liners  and  barrels  that  were  tested.  Tantalum 
plated  20  mm  liners  performed  better  than  all  other  plated  liners  tested  including 
hard  (HC)  and  ductile  (LC)  chromium. 

TABLE  I.  SUMMARY  OF  20  MM  LINERS  -  PLATINGS  AND  MATERIALS  TEST  FIRED 


Barrel  No. 

No.  RdSm 

Ta/ Steel  #1 

301349 

1097 

Ta/ Stellite 

301356 

1010 

Cr/ Steel  #1 

300156 

5204 

Ta/ Steel  #2 

301353 

4923 

Steel  Liner  #1 

300204 

2315  . 

Steel  Liner  #2 

300231 

1001 

LC  Cr/Steel  #1 

300134 

5046 

LC  Cr/Steel  #2 

300273 

5010 

Ta/ Steel  #3 

300288 

5034 

Cr/Steel  #2 

301221 

4983 

Ta/lOW 

301165 

513 

Nb/Pyrotool  V 

332165 

1527 

Ta/Pyrotool  V 

300289 

996 

CG-27 

332207 

1966 

105  MM  LINER  TECHNOLOGY 

Since  tantalum  plate  performed  well  in  the  20  mm  lined  barrels,  tantalum  was 
selected  for  study  in  a  large  caliber  105  mm  M68  gun  tube  with  liner.  The  M68  gun 
was  chosen  because  it  is  currently  in  production  and  adequate  quantities  were 
available  for  use  as  prototypes. 

This  preliminary  work  did  not  attempt  to  optimize  either  the  liner  design  or 
the  tantalum  plating  process. 

A  facility  for  shrinking  liners  into  large  caliber  gun  tubes  was  designed, 
fabricated,  and  successfully  used.  The  unshrinking  of  liners  prior  to  firing  has 
been  equally  successful. 

FIXTURE  DESCRIPTION 

A  shrink  fixture  (facility)  was  designed,  manufactured,  and  used  to  shrink  a 
liner  into  a  105  ram  M68  gun  tube.  The  fixture  serves  two  basic  functions;  support 
for  the  tube  and  other  components,  and  alignment  for  liner  and  tube.  The  fixture 
stands  approximately  18  feet  high  in  a  vertical  position. 

Figure  1  shows  the  Induction  coil  at  the  lower  half  of  the  fixture  and  the 
liner  release  mechanism  above  the  breech  end  of  the  tube. 
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Fig  1*  Shrink  Fixture  (lower  half)* 


Fig*  2*  Shrink  Fixture  (upper  half)* 


STRUCTURAL  ANALYSIS 


The  structural  analysis  of  the  stresses  and  deformations  of  the  various 
components  were  done  for  one  of  three  reasons*  First  was  a  check  analysis  of  the 
lined  tube  design.  The  second  was  analysis  in  support  of  the  manufacturing 
operations.  The  third  was  the  analysis  of  unusual  experimental  results*  Because 


this  was  a  technology  program  and  had  to  be  done  using  available  hardware  and 
material,  most  of  the  analysis  was  done  to  "check  out"  a  design  for  structural 
integrity  and  not  to  optimize  or  improve  a  current  design. 

This  paper  will  only  give  a  quick  outline  of  the  work  done.  Nearly  all  of  this 
work  was  done  from  old,  well  established  theory  or  with  the  NASTRAN  finite  element 
code. 


A.  Lined  Tube  Design  -  An  example  of  the  first  type  of  analysis  was  the 
analysis  of  the  tube  and  liner  combinations.  Figure  3  shows  the  four  basic  problems 
that  had  to  be  checked: 

1.  Liner  material  requirements. 

2.  The  tube-liner  interface. 

3.  The  interior  corner  at  the  muzzle  end  of  the  liner. 

4.  The  "feather  edge"  at  the  chamber  end  of  the  liner. 

The  basic  tube  for  this  study  was  the  M68  105  mm  tank  cannon,  which  is  100 
percent  autof rettaged  with  a  long  history  of  excellent  service.  Because  of  material 
and  design  constraints,  a  thin  liner  was  selected.  The  material  in  this  liner  was 
not  necessary  to  contain  pressure;  therefore,  the  material  requirements  are  related 
only  to  the  stress  concentration  in  the  fillets  of  the  rifling  projections.  A 
finite  element  analysis  was  done  of  the  stresses  in  the  fillets  using  three 
different  loading  conditions.  Typical  results  for  this  analysis  are  shown  in  Figure 
4  as  contour  plots  of  the  maximum  principal  stress.  Figure  4  is  the  plot  for 
stresses  due  to  a  pressure  of  75,000  psi  including  the  stresses  due  to  a  shrink  fit 
thin  liner.  A  problem  associated  with  Figure  4  is  that  the  contours  away  from  the 
fillet  are  influenced  by  the  discontinuous  stress  at  the  tube-liner  interface. 


Fig.  3.  Schematic  Cross-Section 

of  Tube.  Four  Basic  Fig.  4.  Plot  of  Stresses. 

Areas  Analyzed.  Pressure  P  =  75  Ksi. 
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The  tube-liner  interface  conditions  were  analyzed  from  the  closed  form  shrink 
equations.  These  equations  were  previously  coded  into  a  program  which  yas  Improved 
for  the  general  Jkaltiple-Concentric  Tube  Design  Analysis  (MCTDA) .  Here  there  are 
two  stresses  of  interest.  The  first  is  the  radial  stress  at  the  interface  which 
must  be  sufficient  to  resist  the  torque  applied  during  firing  and  the  second  is  the 
minimal  residual  circumferential  stress  at  the  bore  which  should  be  sufficient  to 
control  the  maximum  stress  during  firing.  The  maximum  permissible  shrink  was  set  by 
the  temperature  the  tube  could  be  heated  to  without  loss  of  autofrettage  stresses. 
Figures  5  and  6  show  the  circumferential  bore  stress  and  radial  interface  stress  as 
a  function  of  shrink  interference  for  0.0  and  75,000  psi  internal  pressure.  The 
small  residual  bore  stress  due  to  shrink  does  reduce  the  maximum  bore  stress  to  a 
reasonable  value;  however,  the  liner  must  still  retain  good  properties  to  prevent 
overstress  of  the  rifling  fillets.  The  minimum  radial  interface  stress  of  about 
4,000  psi  at  zero  internal  pressure  will  easily  lock  the  liner  in  place  to  resist 
the  70,000  inch  pound  projectile  torque.  In  fact,  when  this  maximxam  torque  is 
applied,  a  large  portion  of  the  liner  is  pressurized. 


Fig.  5.  Circumferential  Stress  Fig.  6.  Radial  Stress  Vs. 

Vs.  Interference.  Interference. 

The  interior  corner  (Item  3)  at  the  muzzle  end  of  the  pocket  was  considered  to 
be  a  problem  because  of  possible  high  tensile  stresses  from  two  sources.  First  was 
the  stress  due  to  pressure  in  the  radial  gap  at  the  end  of  the  liner.  Second  was 
the  stress  due  to  uneven  expansion  of  the  tube.  Gas  pressure  penetrating  into  the 
tube— liner  interface  from  the  muzzle  end  was  also  a  possibility  in  this  area. 

A  finite  element  stress  analysis  was  made  of  this  problem.  Figures  7  and  8 
show  deformed  grid  plots  from  this  study.  In  these  figures,  the  deformations  are 
exaggerated  to  become  visible  and,  in  fact,  the  gap  between  the  tube  and  the  liner 
represent  the  shrink  interference.  Figure  7  is  the  deformed  grid  with  a  uniform 
pressure  in  the  tube.  Figure  8  shows  the  deformations  when  a  step  pressure  loading 
is  used  where  the  pressure  is  applied  only  to  the  liner. 
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Fig.  7.  Finite  Element  Stress  Plot.  Deformed  Grid  with  Uniform  Pressure 


Fig.  8.  Finite  Element  Stress  Plot.  Deformation  with  Step  Pressure  Loading. 

The  results  of  this  vrork  were  largely  negative,  in  that  no  problems  were 
discovered.  The  residual  stresses  due  to  autofrettage  would  protect  the  interior 
corner  from  tensile  stresses  with  any  reasonable  fillet  radius.  There  were, 
however,  other  interesting  results.  It  was  shown  that  the  radial  gap  at  the  end  of 
the  liner  would  tend  to  close  as  the  pressure  front  passed  the  end  of  the  liner  and 
then  open  as  the  pressure  became  more  uniform. 

It  was  further  shown  that  the  radius  on  the  exterior  of  the  liner  at  the  muzzle 
end  would  help  to  form  a  seal  to  prevent  gas  pressure  from  penetrating  into  the 
liner-tube  interface . 


The  matter  of  the  elastic  stability  of  the  "feather  edge”  of  the  liner  at  the 
chamber  end  was  finally  solved  using  Reference  8,  in  which  the  author  provided 
equations  for  the  shrink  buckling  of  a  thin  ring  in  a  circular  opening.  These 
equations  are  for  the  upper  and  lower  bound  of  interferences  on  the  zero  slip  and 
zero  friction  conditions  on  the  interface.  Figure  9  shows  these  results  on  a  plot 
of  interference  vs.  ring  thickness  where  the  results  divide  the  plot  into  three 
regions  where  the  behavior  is  stable,  tmstable,  or  when  behavior  is  dependent  on 
friction.  On  this  plot  the  range  of  interferences  is  shown  and  appear  to  indicate 
that  a  very  thin  ring  is  elastically  stable  and  the  thin  edge  should  present  no 
problem. 

Manufacturing  -  Analysis  in  support  of  manufacture  could  take  on  several 
forms;  however,  two  examples  will  be  shown.  The  first  is  a  problem  that  resulted 
from  the  necessity  of  making  steel  liners  from  M68  gun  tubes.  These  liners  were  to 
be  used  as  a  base  for  various  electroplated  coatings  and  therefore,  had  to  be 
slightly  larger  than  the  final  bore  size.  It  was  known,  however,  that  the  tube  bore 
would  expand  as  the  residual  autofrettage  stresses  were  relieved  by  machining  from 
the  outside.  Figure  10  shows  this  expansion  plotted  against  the  finished  radius. 
This  plot  shows  a  family  of  lines  for  different  initial  outer  radii.  Because  the 
M68  tube  is  tapered,  there  may  be  an  optimum  location  to  cut  the  liner  from  the 
tube. 


Fig.  9.  Plot  of  Interference  Fig.  10.  Plot  of  Expansion 

Vs.  Ring  Thickness.  Vs.  Finished  Radius. 

The  alternative  problem  was  also  done  where  the  exterior  of  a  tube  will 
contract  as  the  interior  is  cut  away.  Figure  11  is  the  results  of  this  study  where 
the  data  for  all  Initial  outside  radii  basically  fall  on  the  same  line. 

These  solutions  were  done  using  the  von  Mises  yield  autofrettage  equations  and 
the  radial  stress  replacement  method.  The  results  agree  well  with  experiments, 
except  for  an  error  probably  created  by  the  small  deviation  of  the  actual  residual 
stress  pattern  in  the  M68  from  the  calculated  stresses.  This  deviation  reduces  the 
residual  stress  at  the  bore,  due  to  either  the  swage  autofrettage  process  or 
compressive  reyleld  at  the  bore. 
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Fig.  11,  Plot  Showing  Results  of  OD 

Contraction  as  Bore  is  Machined, 


C.  Testing  -  During  the  early  testing  of  the  20  mm  tantalum  coated  steel 
liners,  the  rifling  "disappeared”  while  the  tantalum  coating  seemed  to  remain 
intact.  This  result  lead  to  the  explanation  that  the  steel  liner  changed  hardness 
during  the  tantalum  plating  process.  To  study  this  problem,  an  elastic-plastic 
analysis  was  performed  using  the  M68  rifling  model  (Figure  12).  This  study 
demonstrated  that  the  rifling  projection  is  actually  a  region  of  material 
moderately  stressed  in  compression.  This  region  sits  on  a  band  of  high  tensile 
stressed  material  that  runs  along  the  rifling  grooves,  and  then  under  each 
projection.  When  the  liner  material  consists  of  very  low  properties,  there  is 
plastic  flow  in  the  tensile  band  with  each  loading  cycle.  The  net  result  is  a  slow 
movement  of  material  from  under  the  projection  into  the  groove  area. 

067 


Fig.  12. 


Finite  Element  Plot  of  Land  and  Groove  of  105  mm  M68  Gun  Tube. 
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This  conclusion  was  supported  by  the  experimental  evidence  obtained  during  the 
wear  test  of  the  20  mm.  For  this  test,  the  "land"  diameter  of  the  tube,  became 
longer  and  the  groove  diameter  became  smaller.  Also,  in  the  photomicrographs  of  the 
tube  after  firing,  the  outline  of  steel  projections  can  be  seen  below  the  tantalum 
coating.  One  interesting  part  of  this  is  that  the  coating  has  sufficient  ductility 
to  flow  with  this  problem  and  retain  its  integrity  without  loss  of  thickness  or 
cracking . 

TESTING 


Shrink  Fixture  -  Before  a  liner  could  be  shrink  fitted  into  a  tube,  a  number  of 
tests  had  to  be  performed  to  develop  assurance  and  confidence  in  the  fixture.  The 
tests  verified  that  the  fixture  fiilfilled  the  functions  for  which  it  was  designed. 

"Cold  tests"  were  Initially  conducted.  Steel  liners  with  outside  diameter 
smaller  than  the  bore  of  the  tube,  by  a  few  mils,  were  placed  onto  the  RIB  and  held 
by  the  release  mechanism.  The  release  mechanism  would  be  actuated  and  the  liner 
would  drop  into  the  tube.  These  tests  allowed  checking  of  items  such  as  alignment, 
effects  due  to  liner  drop,  component  function,  etc. 

Heat  tests,  using  an  induction  coil,  were  conducted  to  determine  the  bore 
temperature  when  the  tube  was  heated.  The  temperature  at  the  outside  diameter  was 
monitored  with  a  surface  probe  pyrometer.  Bore  temperatures  were  monitored  by 
themocouples  placed  against  the  bore  wall. 

Figure  13  is  a  curve  of  the  temperature  versus  time  that  was  generated  for  the 
shrink  cycle.  The  oscillations  about  700° F  were  made  to  insure  adequate  thermal 
*’soak”  of  the  tube  prior  to  drop  of  the  liner.  The  RIB  was  cooled  by  running  water 
through  it  just  prior  to  liner  drop.  Every  10  minutes  the  power  to  the  induction 
coil  was  turned  off  to  permit  taking  and  recording  temperatures  at  the  tube  outside 
diameter. 

Figure  14  is  a  curve  of  temperature  versus  time  for  the  unshrink  cycle. 


Fig.  13.  Temperature  Vs.  Time 
Cycle  for  Shrink. 


Fig.  14.  Temperature  Vs.  Time 
Cycle  for  Unshrink. 
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Some  factors  of  significance  that  were  noted  during  the  heat  tests  were: 


A.  The  bore  or  inside  diameter  of  the  tube  dilates  ideally  according  to  the 
linear  equation 

in  1 

BE  =  .0000065  -  X  D(in)  x  T(®F) 

in 

where: 

in  1 

.0000065  —  —  =  Thermal  Coefficient  of  Linear  Expansion  of  Steel 
in  ^F 


D  =  Diameter  of  Bore  in  Inches 
T  =  Temperature  of  Bore  in  Degrees  Fahrenheit 
BE  =  Bore  Enlargement  in  Inches 


Considering  a  plot  of  bore  enlargement  versus  temperature,  larger  bore  diameters 
produce  larger  bore  enlargements  for  a  given  temperature.  For  example,  if  the  105 
mm,  the  120  ram,  the  155  mm,  and  the  8  inch  (203  mm),  all  standard  large  caliber  bore 
diameters,  are  compared,  the  largest  bore  enlargement  at  a  given  temperature  will  be 
obtained  with  the  8  inch  tube.  The  conditions  for  shrink  fitting  liners  into  gun 
tubes  are  better  for  larger  caliber  tubes. 


B.  Using  the  induction  coil  to  heat  a  large  thick-wall  tube,  a  temperature 
gradient  is  built  up  from  outside  to  inside  diameter.  There  can  be  up  to  a  150®F 
difference  that  will  exist  when  the  outside  diameter  (OD)  temperature  is  500®F  to 
600° F.  A  separate  study  was  conducted  to  develop  the  parameters  of  this  phenomenon 
more  fully. ^ 


C.  The  temperature  measured  on  the  OD  surface  of  the  tube  beneath  the 
induction  coil  varies  from  low  readings  at  each  end  of  the  coil  to  a  high  reading  at 
the  coil  center. 


FIRING  TESTS 


The  105  mm  M68  gun  tube  with  tantalum  plated  liner  was  test  fired,  during  the 
period  November  1981  through  June  1982,  with  a  total  of  110  rounds  of  105  ram  M490 
without  additive.  Both  liner  and  plating  have  performed  well.  Other  details  of  the 
test  will  be  covered  in  a  future  publication. 

In  December  1976,  a  105  mm  M68  gun  tube  with  full  length  5  mil  thick  hard 
chrome  (HC)  plate  was  test  fired.  The  same  ammunition,  105  mm  M490  without 
additive,  was  used.  Figure  15  shows  the  origin  of  rifling  after  100  rounds.  Figure 
16  shows  the  origin  of  rifling  after  150  rounds. 

The  tantalum  plated  liner  used  in  the  recent  test  had  approximately  3  to  4  mil 
tantalum  on  the  lands  and  2  mil  in  the  grooves.  The  results  obtained  with  a 
tantalum  plated  liner  compare  favorably  with  the  results  obtained  with  5  mil  HC 
plate  (see  Figure  17). 
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Fig.  15.  Origin  of  Rifling  5  Mil  HC  Fig.  16.  Origin  of  Rifling  5  Mil  HC 

Plated  Tube  After  100  Rounds  Plated  Tube  After  150  Rounds 

M490  W/0  Additive.  M490  W/O  Additive. 

If  Figure  17  is  used  for  comparison,  the  following  remarks  must  be  considered: 

a.  The  thickness  of  the  HC  plate,  while  close,  was  not  equal  to  the  thickness 
of  the  tantalum  plate. 

b.  No  attempt  was  made  to  optimize  the  parameters  of  the  tantalum  plate. 

c.  This  was  the  first  test  ever  conducted  in  large  caliber. 

d.  Land  height  of  the  tantalum  plated  liner  was  still  present  at  the  origin  of 
rifling  after  110  rounds,  whereas  land  height  of  the  HC  plate  was  virtually  gone. 


Fig,  17.  Origin  of  Rifling  Tantalum  Plated  Liner  After  110  Rounds  M490  W/0  Additive. 


Fig.  18.  Comparison  of  Unplated  Tube  Vs. 

Tube  With  Tantalum  Plated  Liner. 


Figure  18  shows  the  results  obtained 
with  an  unplated  105  mm  M68  gun  tube.  The  unplated  tube  reached  the  condemnation 
limit  of  75  mil  after  100  rounds.  The  stargage  data  for  the  tantalum  plated  liner 
shows  no  appreciable  wear  after  110  rounds. 

CONCLUSIONS 

Tantalum  plated  liners  in  the  105  mm  M68  gun  tube  compare  very  favorably  with 
HC  plated  tubes. 

It  is  now  possible  to  insert  advanced  technology  erosion  resistant  liners  into 
large  caliber  gun  tubes. 


with  the  tantalum  plated  liner  compared 
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ABSTRACT 

An  evaluation  of  the  commencement-of-rifling  (C.O.R.)  geometry  suggests  that 
the  node  of  deformation  of  the  rotating  band  by  the  rifling  is  inefficient. 
Observation  of  rotating  bands  of  fired  and  retrieved  projectiles  confirms  the  above 
evaluation.  Engravers,  simulating  the  conventional  design  of  C.O.R.  as  well  as  the 
proposed  nodification,  were  fabricated.  Slugs  of  rotating  band  material  were 
engraved  with  the  simulated  engravers.  Metallographic  data  on  the  laboratory 
0tjgraved  slugs  were  compared  with  those  of  retrieved  projectiles}  results  from  the 
two  simulating  designs  were  also  compared.  Similarities  were  found  between 
retrieved  bands  and  simulated  conventional  design,  while  the  simulated  modification 
resulted  in  change  in  metal-flow  pattern  close  to  the  intended  one.  Reduced 
engraving  forces  is  observed  as  predicted  and  is  explained  by  reduced  deformation 
forces  when  the  modified  design  of  C.O.R.  is  being  simulated.  It  is  suggested  that 
reduced  deformation  forces  will  reduce  wear  at  the  commencement-of-rifling. 

INTRODUCTION 

Engraving  is  a  process  by  which  a  rotating  band,  on  a  spin— stabilized 
projectile,  assumes  a  complimentary  form  with  the  firing  tube  s  rifling.  As  the 
name  implies,  its  primary  purpose  is  to  impart  a  rotational  motion  to  the 
projectile.  In  addition,  by  filling  the  grooves  in  the  tube’s  rifling,  the  rotating 
band  slows  down  leakage  of  propellant  gases  past  the  projectile.  Ideally  it  would 
stop  such  leakage  completely. 

Design  dimensions  of  the  grooves  in  the  tube  and  of  the  O.D.  (outer  diameter) 
of  the  rotating  band  call  for  interference;  the  O.D.  of  the  rotating  band  is  made 
larger  than  the  rifling's  grooves'  diameter.  For  an  8  inch  gun  tube  the  grooves' 

+.006  j. 

diameter  is  8.140-.000  while  the  O.D.  of  the  rotating  band  on  a  corresponding 

projectile  is  8.195-.005,  or  an  Interference  of  .044  inch  to  .055  inch  in  diameter 
(which  is  .54  percent  to  .67  percent  of  the  diameter,  and  it  is  to  be  compared  with 
grooves'  depth  of  .070  inch  on  each  side).  If  such  an  interference  prevails  during 
firing,  the  excess  material  (.044  inch  to  .055  inch)  will  be  shaven  at  the  rifling 
grooves  and  in  between  it  will  be  pushed  backward  by  the  rifling  lands.  To 
accommodate  for  the  backward  metal— flow,  the  rotating  bands  are  provided  with 
periodic  circumferential  channels  called  canntilleures.  This  investigator  is 
convinced  that  the  longitudinal  push  along  the  circumferential  surfaces  and  the 
shear  along  the  radial  (side)  surfaces  of  the  riflings  lands  (see  Figure  1)  at  the 
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commencement-of-rlfling  (C.O.R.).  are  too  severe.  The  energy  required  to  engrave 
the  band  in  this  fashion  is  high  and  the  wear  on  the  tube's  rifling  is  severe. 
Hence,  I  suggest  a  modification  of  the  flow  pattern  in  the  rotating  bands  material 
during  engraving  through  a  change  in  the  designs  of  the  commencement-of-rifling 
(C.O.R.).  This  change  is  intended  to  maintain  the  configuration  of  the  rifling 
beyond  its  commencement.  The  concept  involved  can  accommodate  any  change  in  the 
rifling  configuration  and/or  surface  treatment  and  thus  be  complimentary  to  such  a 
change  rather  than  a  substitute  for  it. 


CIRCUMFERENTIAL  SURFACES 


A  SEGMENT  OF  AN  ENGRAVED  ROTATING  BAND 


Fig.  1. 

OBSERVATIONS 

Visual  and  microscopic  evaluation  of  the  rotating  bands  of  fired  and  retrieved 
projectiles  revealed  the  following: 

a.  As  seen  in  Figure  2,  material  removed  by  the  rifling's  land  has  been  pushed 
backward  by  the  lands.  In  some  locations,  the  rotating  band  material  between  the 
rifling's  land  failed  to  fill  the  rifling's  grooves.  This  is  evidenced  by  the 
retention  of  machining  marks  on  the  rotating  band.  During  firing  the  tube  below  the 
projectile  is  subjected  to  the  propellant's  pressure  and  thus  to  radial  expansion. 
Under  the  same  pressure,  the  projectile's  tail  end  may  contract  radially.  These 
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forces  may  be  augmented  by  the  radial  component  of  the  engraving  forces.  However, 
as  mentioned  above  for  the  8  inch  tube  and  projectile,  the  interference  between  the 
as-machined  gun  tube  and  the  as-machined  rotating  band  is  between  .54  percent  to  .67 
percent  of  their  nominal  diameter.  It  is  beyond  the  scope  of  this  investigation  to 
accurately  determine  the  factors  that  contribute  to  the  band^s  failure  to  completely 
fill  the  rifling's  grooves.  Nevertheless,  this  observation  will  be  referred  to  in 
the  discussion  of  the  simulated  engraving.  (Namely  simulating  both  designs  -  the 
prevailing  one  as  well  as  the  suggested  modification.) 


Fig.  2. 


b.  The  micros tructure  of  a  transverse  cut  through  the  rotating  band's  groove 
(Figure  3b)  reveals  that  in  a  retrieved  rotating  band  of  a  105  ram  projectile  up  to 
about  .008  inch  below  the  surface,  has  been  heavily  deformed  and  recrystallized,  and 
that  a  layer  of  up  to  .055  inch  to  .075  inch  (total)  was  deformed  to  a  noticeable 
degree. 

c.  The  above  micrograph  (Figure  3a)  also  reveals  a  total  groove  depth  of  about 
.028  inch  In  the  rotating  band,  while  the  rifling's  land's  height  is  (designed  to 
be)  .030  inch  to  .032  inch.  This  reemphasizes  point  "a**  above,  suggesting  an 
incomplete  filling  of  the  riflings  grooves  by  rotating  band  material.  Moreover, 
according  to  Figure  3a,  the  width  of  the  engraved  groove  is  .1664  inch  to  .2158 
inch,  whereas  the  designed  width  of  the  rifling  land  is  only  .1500  inch.  Since  this 
retrieved  projectile  was  fired  from  a  howitzer  with  degressive  twist  (of  its 
rifling) ,  the  widening  of  the  groove  on  the  rotating  band  can  be  partially 
attributed  to  the  change  in  twist  angle  and  partially  to  torsional  wear.  The  slope 
of  one  side  of  the  band's  groove  can  be  attributed  to  progressive  torsional  wear  at 
the  early  stages  of  engraving  (at  the  commencement-of-rlfling) .  Usually,  however, 
torsional  wear  develops  gradually  throughout  the  length  of  the  tube.  Whatever  the 
mechanism  is,  the  widening  of  the  grooves  allows  for  gas  leakage  to  the  front  of  the 
projectile. 
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Fig,  3a,  Engraved  Rotating  Band  on  a  105  MM  Projectile  -  Transverse  Section. 


Cross  section  of  a  rotating  band  from  a  retrieved  8  inch  projectile  (Figure  4) 
shows  engraving  depth  of  ,057  inch  to  .066  inch  (or  about  81  percent  to  94  percent 
of  the  design  height  of  the  rifling^s  land).  However,  the  width  of  the  engraved 
groove  is  .2193  inch,  whereas  the  designed  width  of  the  engraving  land  is  only  .1571 
inch  (or  about  40  percent  larger  than  it  was  designed  to  be).  If  these  numbers  are 
representative  ones  (the  verification  of  which  is  beyond  the  scope  of  this 
investigation) ,  then  one  conclusion  is  that  despite  the  almost  complete  filling  of 
the  rifling  grooves,  gas  leakage  is  still  a  possibility. 

In  summary,  the  above  numbers  suggest  that  the  wear  in  the  rotating  band  of  the 
105  mm  projectile  fired  through  a  howitzer,  was  between  4.5  percent  and  18  percent 
of  Its  circumference,  while  on  the  retrieved  8  inch  projectile  it  was  about  15.8 
percent.  It  is  anticipated  that  these  values  will  vary  also  with  the  firing  zone 
(for  the  same  projectile  size  and  weight). 
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Fig.  4.  A  Transverse  Cut  Through  a  Rotating  Band  of  an  8"  Projectile  ~  Reduced  to 
75  Percent  of  a  75X  Magnification. 

BACKGROUND 

Most  available  studies  where  gross  plastic  deformation  is  involved  address 
themselves  to  continuous  processes  such  as  wire  drawing  or  rolling.^ In  these 
processes  one  can  divide  the  material  into  three  zones: 

a.  Rigid  incoming  material. 

b.  Deformation  zone. 

c.  Rigid  out coming  product. 

Except  at  the  start  and  end  of  the  process,  the  size  and  shape  of  the  deformation 
zone  is  independent  of  time  and  so  is  the  stress  and/or  strain  rate  distribution 
throughout  the  deformation  zone.  The  two  leading  methods  of  approximating  these 
stress  and  strain  rate  fields  are: 

a.  Limit  analysis,  which  is  discussed  intensively  by  Avitzur.^ 

b.  The  slip  line  field  method,  which  is  discussed  by  Thomsen  et  al.^ 

The  problem  at  hand,  however,  deals  with  a  deformation  where  the  shape  of  all 
three  zones,  the  incoming  material,  the  deformation  zone,  and  the  final  product, 
vary  as  the  process  progresses. 

The  above  mentioned  literature, ^ well  as  others,  treats  such  processes 
also.  (For  example,  simple  forging  of  a  disc  or  deep  drawing  of  sheet  metal  into  a 
cup),  however,  as  the  process  deviates  from  one  of  rotational  symmetry,  it  becomes 
more  tedious  to  analyze  the  stress  and/or  strain  rates  at  each  instant  of  the 
process  while  in  progress.  Such  studies  can  be  aided  experimentally  by  splLting  the 
samples  and  imbedding  grid  lines  which  will  be  evaluated  as  the  process  progresses.  ' 
Such  a  process  Is  tedious  and  costly.  It  was  not  usevd  in  this  study.  An  intensive 
search  for  such  studies  by  past  investigators  can  be  summarized  as  follows:  ’’The 
engraving  process  was  not  analyzed,**  so  far,  '*due  to  lack  of  adequate  data  for 
loading  input  and  the  reliability  of  results  in  an  elastic-plastic  modeling 
problem .  '*  ^ 
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In  view  of  the  above  background,  this  investigator  bypassed  any  analytical 
evaluation  of  either  the  prevailing  design  of  commencement-of-rifling , .or  of  his 
suggested  modification  of  the  latter.  I  was  guided  by  the  principal  that  reducing 
redundant  work  (of  engraving)  should  reduce  the  required  energies  and  engraving 
forces.  Professor  Backhoffen’s  definition  of  redundant  work,  as 

L 

D  =  - 
h 

where  h  equals  depth  of  deformation  zone  and  L  equals  width  of  deformation  zone,  was 
one  of  my  criteria  in  modifying  the  design  of  the  commencement-of-rifling. 

LABORATORY  SIMULATION 

The  simulator  consists  of  a  steel  block,  an  engraving  plate,  and  a  moving  cage 
that  contains  a  slug  to  simulate  the  rotating  band  (Figure  5).  The  first  tested 
engraving  plate  simulates  the  rifling  and  its  commencement  in  an  8  inch  tube.  In 
order  to  simplify  the  process  and  to  reduce  complications  by  factors  of  secondary 
Importance,  lateral  movement  of  the  slug  was  eliminated.  Therefore,  a  straight 
rifling  was  used  instead  of  the  rotational  twist  in  actual  gun  tubes. 


ENGRAVING  SIMULATION  APPARATUS 

Fig.  5. 
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While  the  total  width  of  a  rotating  band  on  an  8  inch  projectile  is  two  inches 
(with  four  canntilleures) ,  most  of  the  simulations  made  so  far  were  with  .5(J0  inch 
long  slugs,  (Figure  6);  .282  inch,  x  .500  inch,  x  .800  inch.  Visual  examination  of 
the  engraved  slugs  reveals  the  following: 

a.  The  backwards  push  of  engraved  material  by  the  simulated  rifling  land  was 
exaggerated  when  compared  with  that  of  the  actual  retrieved  rotating  band. 

b.  The  dull  surfaces  on  the  slugs*  lands  (Figure  7a)  suggests,  like  the 
retention  of  machining  marks  on  the  retrieved  rotating  bands,  that  the  simulator's 
rifling  grooves  were  not  completely  filled  with  the  engraved  slug's  material.  This 
is  also  supported  by  the  grooves  depth  "B"  -  height  of  the  groove  (Table  I  and  in 
Figure  6),  which  reaches  the  full  design  depth  of  .070  inch  only  at  the  shiny  spots. 
The  total  thickness  of  the  engraved  slug  at  its  tail  end,  which  is  also  where  the 
grooves  attain  the  full  height  of  the  engraver's  land,  is  larger  than  its  original 
(unengraved)  thickness  (by  .015  inch  to  .018  inch).  This  agrees  with  the 
observation  that  (in  an  8  inch  tube)  despite  prefiring  interference  of  .044  inch  to 
.055  inch,  there  is  an  incomplete  filling  of  the  rifling  grooves.  The  mechanisms 
leading  to  this  similarity  are  not  necessarily  the  same,  i.e.,  there  is  no  radial 
pressure  due  to  propellant  gases  in  the  simulator,  although  elastic  strain  might  be 
imposed  on  the  simulator's  engraving  plate's  bolts  due  to  the  normal  component  of 
the  engraving  force  which  is  similar  to  the  radial  component  in  the  actual  gun  tube 
during  firing. 

c.  Micrographs  reveal  the  following  similarities  between  a  rotating  band 
engraved  during  firing  and  a  laboratory  slug  engraved  in  the  above  simulator. 

1.  A  cross  section  through  the  band/ slug  material's  land  (filling  the 
grooves  space  of  the  gun/siraulator  rifling)  is  by  and  large  undeforraed  (compare 
Figure  3c  with  Figures  8a  and  9a).  A  narrow  strip  at  the  (band/  slugs)  land's  edge 
underwent  deformation  (compare  Figure  3c  with  Figure  9b) .  The  latter  should  be 
attributed  to  the  shearing  of  the  groove  in  the  simulated  slug  and/or  due  to 
torsional  wear  in  the  rotating  band  of  a  fired  projectile. 

2.  In  the  engraved  groove  the  following  was  observed:  a  layer  of  .008 
inch  below  the  surface  of  the  fired  band  (of  105  mm  projectile)  was  heavily  deformed 
and  recrystallized  (Figure  3b).  In  the  simulated  slug  a  layer  of  up  to  .015  inch 
was  heavily  deformed  (without  recrystallization)  (Figure  10a).  Below  the  heavily 
deformed  layer  one  can  detect  deformation  up  to  .055  inch  to  .075  inch  below  the 
surface  of  the  fired  rotating  band  and  about  .046  inch  to  .068  inch  in  the  simulated 
slug. 


On  the  other  hand,  comparing  the  engraved  slugs  simulating  the  present  design 
of  commenceraent-of-rifling  with  those  of  the  modified  design,  led  to  the  following 
observations : 
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A  =  .282"  FOR  SIMULATING  CONVENIIONAl  C.o.R. 

A  =  .252"  FOR  SIMULATING  MODIFIED  VERSION  OF  C.o.R. 

6a.  SIMULATING  SLUG  BLANK 


6b.  ENGRAVED  SLUG  SIMULATING  CONVENTIONAL  C.o.R. 


Fig.  6. 
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TABLE  lA.  DIMENSIONS  OF  SIMULATED  ENGRAVING 
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TABLE  IB.  DIMENSIONS  OF  SIMULATED  ENGRAVING 
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a  -  Simulation  of  the  prevailing  design  of  C.o.R. 
b  -  Simulation  of  the  1st  modified  design  of  C.o.R. 

ENGRAVED  SIMULATING  SLUGS 


8a.  SIMULATING  CONVENTIONAL  C.o.R. 


8b.  SIMULATING  MODIFIED  C.o.R. 


TRANSVERSE  SECTIONS  THROUGH  ENGRAVED  SLUGS 

Fig.  8. 

Reduced  to  75  Percent  of  a  7X  Magnification. 

a.  In  both  cases  swelling  of  the  slug  took  place,  although  to  a  significantly 
lesser  extent  in  the  modified  design.  This  is  attributed  to  elastic  tension  in  the 
bolts  that  hold  the  engraving  plate  onto  the  base  block  (of  the  simulator).  In  both 
cases,  this  tensile  strain  (in  the  bolts)  is  believed  to  result  from  the  vertical 
component  of  the  engraving  force  acting  on  the  engraving  plate  (and  transmitted  to 
the  bolts).  And  indeed,  the  engraving  forces  with  the  simulated  modified  design  are 
significantly  lower  than  those  applied  with  the  simulated  conventional  engraving 
(Figure  11). 

b.  In  simulating  the  conventional  design  (of  commencement-of-rifling)  the 

groove's  material  was  pushed  backward  by  the  engraver's  lands  and  the  land  section 
(of  the  slug)  remained  almost  intact.  (See  Figures  9a  and  b) .  This  is  evidenced  by 

the  narrow  strips  of  deformed  material  at  the  groove's  edges,  while  the  rest  of  the 

(slugs')  land  remains  unaffected  by  the  deformation.  In  the  slugs  that  were 
engraved  through  the  modified  design,  however,  a  larger  volume  of  material  was 
deformed.  (A  larger  'h'  in  Backhof fen’s  equation  for  redundant  work,  hence  less  of 
the  latter.)  More  significantly,  the  engraved  land  shows  a  buildup  of  material  from 
the  grooves  being  moved,  which  is  the  intent  of  the  modified  design.  That  indeed, 
this  is  the  mode  of  deformation  during  engraving  through  the  modified  design,  is 
evidenced  from  the  following: 

1.  Very  little  material  was  pushed  backwards  (see  Figure  7b),  compared 
with  slugs  simulating  conventional  engraving  (see  Figure  7a). 

2.  The  total  height  of  the  slug  at  its  land  is  significantly  larger  than 

its  undeformed  thickness  (see  Figure  6  and  Table  I).  At  the  same  time,  the  slug's 

thickness  at  the  grooves  is  comparable  with  the  one  to  be  anticipated  from  the 
engraver’s  lands'  penetration  of  only  .042  inch  (out  of  a  final  anticipated  lands' 
height  of  .070  inch).  A  correction  for  a  slug  swelling  of  .003  inch  to  .0188  inch 
should  be  considered. 

3.  The  flow  pattern,  as  evidenced  through  grains  distortion  in  Figures  10, 
12,  and  13,  confirms  the  above  points  1  and  2;  a  thicker  layer  than  the  one  observed 


In  slugs  simulating  conventional  engraving  has  been  deformed  under  the  groove. 
Moreover,  it  is  clear  from  Figures  10b  and  13b  that  this  material  flows  towards  the 
slug  lands.  The  microstructures  in  Figures  13a  and  13b  clearly  demonstrate  this 
difference  in  deformation  (metal-flow)  patterns.  Figures  9c  and  9d  confirm  that 
indeed  the  grains  in  the  slug's  land  are  deformed  and  together  with  Figure  13b  show 
that  they  are  indeed  part  of  a  continual  flow  from  the  material  under  the  slug's 
grooves.  Figures  9a  and  9b,  on  the  other  hand,  suggest  that  no  such  flow  took  place 
in  the  engraving  that  simulates  the  conventional  coramencement-of-rifling.  Figure  9d 
also  suggests,  however,  that  there  is  less  deformation  at  the  center  of  the  slug's 
land  than  at  the  lands  edge.  This  will  explain  the  failure  to  completely  fill  the 


grooves  (Figure  8b) . 


The  failure  to  completely  fill  the  engravers  grooves  with  the  modified  design 
led  to  a  second  modification  in  the  design  of  the  commenceraent-of -rifling •  The 
improvement  in  deformation  flow  pattern  with  the  latest  modification  and  the  effects 
of  other  possible  factors,  are  presently  being  studied. 


TRANSVERSE  SECTIONS  THROUGH  ENGRAVED  SLUG  GROOVES 

37.5  X 


Fig.  10. 

Figure  11  represents  characteristic  plots  of  engraving  force  vs.  slugs 
displacement  (through  the  engraving  plate).  These  graphs  suggest  a  significant 
reduction  in  engraving  force  with  the  modified  design,  compared  with  the  conven¬ 
tional  design.  A  slight  improvement  over  that  of  the  first  modification  is  also 
suggested  for  the  second  modification.  However,  other  factors,  not  yet  identified, 
might  contribute  to  these  differences.  On  the  other  hand,  one  should  bear  in  mind 
that  for  reasons  of  expediency  and  economics,  the  engraving  plates  Tnade  in  accor¬ 
dance  with  both  of  the  modified  designs  are  rough  in  the  direction  of  the  antici¬ 
pated  metal-flow,  while  the  engraving  plate  that  simulates  the  conventional  design 
has  a  high  degree  of  smoothness,  particularly  in  the  flow  direction.  Thus,  in  a 
smoother  engraver,  further  lowering  of  engraving  forces  is  to  be  anticipated  for 
engraving  with  the  modified  design.  In  addition,  in  order  to  compensate  for  the 
unknown  swelling  of  the  engraving  space  due  to  transverse  elastic  strain  in  the 
bolts  that  hold  the  engraving  plate,  the  undefomed  slugs  have  been  thickened.  This 
led  to  a  high  pre-engraving  friction  or  even  shaving,  which  distorts  the  pre¬ 
engraving  share  of  energy  consumption.  Once  the  amount  of  prefiring  interference  is 
determined  (in  actual  gun  tube) ,  these  forces  will  be  replaced  by  those  required  for 
a  slight  extrusion  through  the  forcing  cone  (or  be  eliminated  all  together). 
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ENGRAVING  FORCE  AS  TRAVEL  DISTANCE 
'of  the  slug,  through  the  engraving  plate' 


Fig.  11. 


12a  SIMULATING  CONVENTIONAL  C.o.R.  12b,  SIMULATING  MODIFIED  C  o.R 


LONGITUDINAL  SECTIONS  THROUGH  ENGRAVED  SLUG  GROOVES 

Fig.  12. 
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13a.  SIMULATING  CONVENTIONAL  C.o.R.  13b.  SIMULATING  MODIFIED  C.o.R. 

TRANSVERSE  SECTIONS  THROUGH  TO  ENGRAVED  SLUG  GROOVES 

37.5  X 

Fig.  13. 

CONCLUSIONS 

This  study  was  based  on  the  assumptions  that: 

1.  Conventional  commencenient’-of -rifling  forces  the  displaced  metal  backwards 
during  engraving. 

2.  Associated  with  such  a  mode  of  deformation,  there  is  a  lot  of  redundant 
work  involved  and  as  a  result,  higher  forces  are  required  during  engraving.  This 
means  that  a  larger  amount  of  energy  is  being  consumed  by  the  process.  This  excess 
energy  can  be  better  used  for  propelling  the  projectile. 

3.  The  mode  of  deformation  associated  with  larger  redundant  work  and  larger 
engraving  forces  will  also  result  in  higher  wear. 

This  study  was  aimed  at  testing  these  assumptions,  and  set  to  modify  the  design 
of  commencement -of-r if ling  in  a  way  that  will  replace  the  above  mode  of  deformation 
by  one  where  metal-flow  will  be  transverse  to  the  slug/rotating  bands  motion.  More¬ 
over,  with  the  transverse  metal-flow,  larger  volumes  of  material  will  participate  in 
the  deformation,  being  displaced  shorter  distances  and  with  less  redundant  work  and 
an  overall  lower  engraving  force  and  less  energy  consumption. 

Assumptions  1  and  2  have  been  verified  and  two  successive  modifications  of  the 
design  of  the  commencement-of-rifling  were  tested.  These  modified  designs  resulted 
in  a  transverse  metal-flow  at  a  reduced  engraving  force  as  they  were  set-up  to  do. 
Factors  affecting  the  total  engraving  force  other  than  the  Ttwde  of  deformation  wet^e 
not  fully  identified  yet,  and  their  vaffect  was  not  separated  from  the  total  force 
requirement.  Also,  the  transverse  metal-flow  obtained  so  far  failed  to  fully  fill 
Tip  the  engravers  grooves  as  desired.  Further  studies  are  planned  to  Identify  and 
separate  these  other  factors  and  to  improve  the  transverse  flow  of  the  material. 
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ABSTRACT 

Several  copper  alloys  were  rubbed  against  steel,  chromium  electroplate,  and 
tantalum  at  sliding  speeds  of  1.7  meters  per  second  without  lubricants.  The 
friction,  wear,  metal  transfer,  and  scuffing  tendencies  were  observed  with  a  view  to 
correlating  these  with  the  properties  of  the  alloys. 

Except  for  aluminum  bronze  and  the  welded  overlay  rotating  band  materials , 
harder  alloys  showed  less  wear.  Metal  transfer,  scuffing  (rough  deposits),  and 
friction  were  not  found  to  correlate  with  any  property.  Attempt  was  then  made  to 
attribute  behavior  to  special  microstructure,  crystal  orientation,  mutual 
solubility,  and  position  in  the  periodic  table  but  no  trend  was  found. 

Heavy  transfer  was  not  usually  associated  with  high  wear  and  rough  deposits 
were  not  usually  associated  with  either. 


INTRODUCTION 

Metal  surfaces  sometimes  scuff  and  adhere  to  each  other  during  sliding.  It  is 
believed  that  much  of  the  severe  wear  sometimes  shown  by  projectile  rotating  bands 
is  caused  by  scuffing  of  their  surfaces  during  engraving  and  initial  travel  before  a 
lubricating  molten  film  has  been  formed.  The  purpose  of  this  research  was  to 
develop  a  basis  for  prediction  of  scuffing  of  copper  alloys  and  hopefully  of  other 
metals  * 

Mutual  solubility  has  been  considered  the  most  important  factor  in  the  metal 
transfer  or  seizure  of  metals.  Goodzeit^  stated  that  scuffing  of  two  metals  was 
principally  determined  by  their  alloying  characteristics  (mutual  solubility).  He 
pointed  out  that,  surprisingly,  some  miscible  pairs  have  fair  resistance  to  seizure 
and  some  immiscible  pairs  have  poor  resistance  to  seizure.  Ernst  and  Merchant 
suggested  that  mutual  solubility  should  be  a  factor  in  friction  and  wear  -  the  best 
metal  pairs  being  those  that  are  immiscible.  Roach  et  al^  stated  that  while  mutual 
solubility  of  pin  and  disk  metals  is  necessary  to  avoid  seizure,  another  factor 
measured  by  the  metal's  position  in  the  periodic  table  is  also  required. 


Approved  for  public  release;  distribution  unlimited. 
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Wear  often  correlates  with  hardness  although 
wear  preventive  property.  Yet,  Erickson^  found  no 
or  indeed  of  any  bulk  property  on  wear  behavior, 
friction  is  inversely  proportional  to  hardness. 
found  that  while  the  coefficient  of  friction  of  a 
softer  beryllium  copper  was  markedly  dependent  on 
copper,  it  was  very  erratic  and  there  was  no  such 
softer  than  the  plate. 


it  has  been  overemphasized  as  a 
consistent  influence  of  hardness 
It  has  also  been  stated  that 
However,  Moore  and  Tegart^® 
hard  material  sliding  on  the 
the  hardness  of  the  beryllium 
relationship  when  the  slider  was 


The  behaviors  of  copper  alloys  in  dry  sliding  on  steel,  while  pertinent  to  the 
study  of  the  sliding  of  projectile  rotating  bands  on  cannon  bores,  were  expected  to 
be  irregular.  Rabinowicz  and  Tabor reported  that  copper  sliding  on  mild  steel 
resulted  in  over  three  times  the  metal  transfer  as  did  steel  sliding  on  copper.  On 
the  other  hand,  Goodzeit^  reported  that  copper  on  steel  usually  runs  fair  (l.e.  the 
pair  fails  at  high  load  in  the  test  machine)  but  when  the  geometry  was  reversed  and 
the  hard  metal  slid  on  the  softer  one,  the  pair  performed  poorly.  In  addition. 

Roach  et  al^  reported  that  copper  sliding  on  a  steel  disk  marginally  lubricated  with 
kerosene  exhibited  erratic  behavior.  Anderson^  reported  that  there  was  no  correla¬ 
tion  between  the  median  coefficient  of  adhesion  and  hardness  for  copper  and  attrib¬ 
uted  this  to  work  hardening.  Semenov^^  states  that  the  influence  of  chemical  compo¬ 
sition  on  seizure  is  known  to  be  considerable  in  the  case  of  copper  alloys. 

Merchant  reported  that  there  was  no  scoring  between  the  copper-iron  pair  in  his 
tests.  He  also  pointed  out  that  copper  and  iron  are  quite  mutually  insoluble  at 
room  temperature,  but  that  their  solubility  becomes  very  considerable  at  tempera¬ 
tures  such  as  those  occurring  at  contact  points  of  sliding  surfaces.  However, 
molten  copper  has  been  reported  not  to  wet  iron.^^ 


There  is  not  much  information  about  copper  sliding  on  either  chromium  or 
tantalum,  but  Goodzelt^  reported  that  a  chromium  slider  performed  fairly  well  when 
run  against  a  copper  disk,  but  a  tantalum  slider  had  poor  resistance  to  seizure. 
Copper  is  immiscible  with  chromium  and  with  tantalum. 


EXPERIMENTAL  METHOD 

The  present  study  was  carried  out  using  a  "pin-on-disk”  friction  and  wear 
machine.  The  coefficient  of  friction  was  determined  from  instantaneous  measurements 
of  load  and  friction  forces.  Wear  was  determined  by  measurements  of  changes  in 
length  of  the  test  pin,  and  amount  and  character  of  metal  transferred  from  the  pin 
to  the  rotating  disk  were  estimated  by  visual  observation. 

The  design  of  the  test  machine  was  fairly  typical.  Differences  between  it  and 
usual  pin-on-disk  machines  are  related  to  the  extremely  soft  and  rapid-wearing  pin 
materials.  The  pin  which  is  continually  loaded  is  held  out  of  contact  with  the  disk 
supported  by  means  of  a  rotating  cam  and  sear  arrangement.  When  the  sear  is 
triggered,  the  pin  is  let  down  a  very  short  distance  into  contact  with  the  rotating 
disk  and  then  quickly  picked  up  again  by  the  rotating  cam.  The  sear  then  reengages 
thereby  preventing  the  pin  from  again  contacting  the  disk. 
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The  disk  was  305  mm  (12  inches)  in  diameter.  It  was  made  from  AISI  4340  steel 
which  approximates  the  composition  of  conventional  gun  steel.  Plates  of  tantalum 
and  chromium  electroplated  steel  fixed  to  the  rotating  steel  disk  were  used  to 
obtain  data  for  pins  sliding  on  these  materials.  The  disk  was  designed  to  be  of 
relatively  large  mass  so  that  its  rotational  speed  would  not  change  during  an 
experiment.  The  properties  of  the  disk  surface  materials  are  given  in  Table  I. 


TABLE  I.  PROPERTIES  OF  THE  DISK  METALS 


43A0 

Steel 

Chromium 

Electroplate 

i 

Tantalum 

m.p.  ("C)  . 

1530* 

1890* 

3000* 

(Conductivity 
(cal/cn?  /cm/  sec/®C) 

0,108 

0,16* 

0.130 

Elast.  Mod, 

(kM/nt^) 

200x10^ 

110x10^ 

186x10^ 

Hardness  (KHN) 

235 

1000  1 

140 

Ultimate  Stress  ! 

(kN/m^ ) 

744,000 

103,000 

758,000 

Yield  Stress 

472,000 

103,000 

690,000 

Elongation  (Z) 

22 

0 

3 

*From  fused  salt  deposition. 


The  pin  was  plane-ended  and  4.75  mm  (0.187  inch)  in  diameter.  In  the  work 
reported  at  this  time,  pins  were  made  of  OFHC  copper;  sintered  copper;  two  copper 
alloys  containing  iron  (0.31  and  1.20  wt.  %) ;  two  dispersion  hardened  coppers 
(Glidcop  AL-20  and  AL-60  with  0.4  and  1.1  wt.  %  aluminum  oxide  respectively);  gild¬ 
ing  metal  (90-10  copper  zinc  alloy);  an  aluminum  bronze;  and  welded  overlay  band 
materials  from  recovered  M483  (gilding  metal),  M549  (copper),  and  M650  (copper)  pro¬ 
jectiles.  Unfortunately,  the  material  from  the  band  of  the  recovered  M483  pro¬ 
jectile  was  not  typical  and  was  not  within  specifications.  In  the  case  of  the 
welded  overlay  band  materials,  pins  were  machined  from  the  bands  with  their  axes 
perpendicular  to  those  of  the  projectiles.  In  this  way  sliding  of  the  pins  was  the 
same  as  for  actual  bands  sliding  on  a  cannon  bore.  The  copper  alloys  containing 
iron  were  made  from  powders  of  the  individual  metals  and  were  heat  treated  to 
eliminate  the  sintered  microstructure.  The  compositions  and  properties  of  all  the 
pin  metals  are  given  in  Tables  II  and  III. 

The  experiments  described  in  this  report  were  made  at  a  sliding  speed  of  1.7 
m/s  (67  inches/ sec).  This  corresponds  to  projectile  velocities  close  to  the  origin- 
of-rifling  in  a  cannon.  Bearing  pressures  ranged  between  55,000  kN/m^  (8,000  psi) 
and  83,000  kN/m^  (12,000  psi). 
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TABLE  II.  COMPOSITIONS  AND  PROPERTIES  OF  THE  COPPER  ALLOYS 


OFHC  Cu 

Sintered 

Cu 

0.31X  Fe 

Cu 

1.20X  Fe 
Cu 

AL-20  Cu 

AL-60  Cu 

Gilding 

Metal 

Oi  (wt.  X) 

100. 

99.82 

99.44 

97.92 

99.6 

98.9 

90.0 

Fe  (wt.  Z) 

0 

0.012 

0.313 

1.197 

- 

- 

0 

Zn  (wt.  X) 

0 

0 

0 

0 

- 

- 

10.0 

AI2O3  (wt,  X) 

0 

0 

0 

0 

0.4 

i.i 

0. 

O2  (wt,  X) 

0 

0.09 

- 

- 

- 

- 

- 

Hardness 

(KHN) 

88 

73 

70 

77 

174 

175 

85 

m.p.  rc) 

1083* 

1082* 

1082* 

1021-1043* 

Conductivity 
(cal/cm^ /cm/sec/^C 

0,958 

0.843 

0.768 

0.450 

Mod.  of  Elast. 

(kN/ffl^) 

110x10^ 

110x10^ 

110x10^ 

113x10^ 

137x10^  ' 

137x10^ 

Ultimate  Stress* 
(IcN/m^) 

220-240 »000 

470,000 

520,000 

258,000 

Yield  Stress* 

69-76,000 

370,000 

450,000 

69,000 

Elongation  (X)* 

45-55 

19 

10 

45 

"Swith  no  cold  workr, 

TABLE  HI.  COMPOSITIONS  OF  ROTATING  BAND  AND  ALUMINUM  BRONZE  ALLOYS 


Band  Matf*l 
from  H483 

Band  MatH 
from  H549 

Band  Mat’l 
from  M650 

Aluminum 

Bronze 

Cu  (wt.  X) 

85.25 

96.74 

96.77 

87.22 

Fe  (wt.  X) 

1.58  » 

1.25 

2.07 

2.31 

Zn  (wt.  Z) 

7,46 

0 

0.02 

0 

A1  (wt.  Z) 

5.21 

0 

0 

9.72 

Sn  (wt.  Z) 

0.34 

0.99 

0.68 

0 

Hardness 

(KHN) 

132 

144 

137 

146 

The  data  reported  at  this  time  are  for  pins  sliding  on  smooth,  fresh  surfaces* 
They  were  produced  by  removing  all  traces  of  transferred  metal  by  abrading  with  100 
grit  emery  cloth  at  speed,  then  polishing  with  400  grit  emery  also  at  speed*  The 
pin  was  matched  to  the  disk  before  the  first  sliding  experiment  (i*e.  there  was 
complete  contact  on  the  bottom  surface  of  the  pin)* 

Measurement  of  wear  by  pin  length  changes  was  neither  extremely  sensitive  nor 
precise*  Sometimes  there  was  metal  transfer  but  the  measured  wear  was  zero  (i*e* 
the  pin  length  appeared  unchanged). 
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Several  experiments  were  routinely  conducted  with  each  metal  pair.  Friction 
data  were  taken  from  the  first  portion  of  the  experiment  after  almost  full  load  was 
reached.  Typical  contact  times  were  about  100  msec.  Friction  data  were  never  taken 
during  the  very  short  time  of  sliding  at  the  end  of  an  experiment  when  the  pin  was 
sliding  on  a  previously  contacted  part  of  the  disk.  Wear  was  taken  as  the  length  of 
pin  lost  during  an  experiment  and  measured  to  the  nearest  0.025  mm  (0.001  inch). 

DISCUSSION 

The  copper  alloys  used  as  pin  materials  in  this  research  are  of  interest  in 
explaining  the  sliding  behavior  of  projectile  rotating  bands.  They  also  are  a  group 
of  metals  with  very  similar  melting  points,  chemical  properties,  and  modulus  of 
elasticity.  On  the  other  hand,  their  hardnesses  and  microstructures  are  very 
different  and  their  ductilities  quite  different. 

The  three  disk  materials  investigated,  tantalum,  AISI  4340  steel,  and  chromium 
electroplate,  are  of  interest  or  potential  interest  as  bore  surfaces  in  cannons. 
Most  cannon  bores  are  of  gun  steel  which  is  closely  approximated  by  AISI  4340;  in 
some  cannons  the  steel  bore  is  protected  by  a  coating  of  chromium  electroplate;  and 
liners  of  tantalum  or  of  tantalum  alloys  are  being  considered  because  of  their 
resistance  to  "erosion".  In  addition,  these  three  metals  are  very  different  in 
their  chemical,  physical,  and  mechanical  properties. 

METAL  TRANSFER 

Data  from  the  sliding  experiments  are  given  in  Tables  IV  and  V  and  wear  as  a 
function  of  metal  transfer  is  shown  in  Figure  1.  There  was  sometimes  extreme 
variation  in  the  wear  and  transfer  data.  This  extreme  variation  doubtlessly 
resulted  from  the  very  small  sliding  area  and  very  short  time  of  sliding. 


TABLE  IV.  AVERAGE  RESULTS  FROM  SLIDING  EXPERIMENTS 


Cu 

OFHC 

Cu 

Sintered 

Cu 

0.311  Pe 

Cu 

1.20X  Pe 

Cu 

AL-20 

Cu 

AL-60 

Gliding 

Metal 

f 

0.31  1  .03 

0.39  ±  .02 

0.30  1  .02 

0.40  i  .01 

0.33  1  .01 

0.33  1  .01 

0.45  1  .02 

wear  (no) 

0 

0.02 

0.06 

0.04 

0 

0 

0.01 

transfer 

none  to 
light 

very  slight 
to  heavy 

none  to 
light 

very  slight 
to  light 

none  to 
light 

Moderate  to 
very  heavy 

light 

Steel 

rough 

no 

occesionally 

no 

no 

no 

occasionally 

no 

f 

0.52  ±  .05 

0.36  ±  .03 

0.38  t  .03 

0.35  t  .02 

0.38  1  .02 

0.39  1  .02 

0.27  t  .02 

%«sr  (mm) 

0.005 

0 

0.03 

0.005 

0 

0 

0 

transfer 

none 

none 

very  slight 
to  ooderate 

none 

none  to 
very  slight 

none 

none 

Cr  Plate 

rough 

no 

no 

occasional ly 

no 

no 

no 

no 

f 

0.33  ±  .02 

0.35  t  .03 

0.33  t  ,0i 

0.38  1  .03 

0.31  t  .02 

0.36  t  .01 

0,37  t  .01 

wear  (aim) 

O.Ol 

0.008 

0.025 

0.025 

0.008 

0.005 

0,02 

Ta 

transfer 

very  slight 
to  light 

none  to 
very  slight 

very  slight 
to  heavy 

none  to 
very  slight' 

very  alight 

very  slight 

light  to 
moderate 

rough 

no 

no 

no 

no 

no 

no 

occaalonally 1 

f  -  average  coefficient  of  friction. 
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tme  V.  AVERAGE  RESULTS  FRCH  SLIDING  EXPERIMENTS 


HA83  Projectile 
Bend  )tet*l 

HSA9  Projectile 
Bend  Mat'l 

M650  Projectile 
Band  Mat*l 

Alualnua  Bronze 

0.35  ±  O.OI 

0.29  t  0.03 

0.40  1  0.02 

0.38  1  0.02 

0.02 

0.25 

0.02 

0.01 

Ste 

V.  ellght  to  light 

V.  ellght  to 
taodcrate 

noderate 

V.  alight  to 
light 

no 

occealonally 

yea 

00 

0.25  t  O.OA 

0.32  t  0.02 

0.38  *  0.03 

0.32  1  0.02 

0.0025 

0 

0.0025 

0.005 

Cr  1 

none  to  light 

none 

none  to  light 

none 

no 

no 

■  00 

no 

O.AO  1  0.02 

0.29  t  0.02 

0.28  t  0.02 

!  • 

0.29  t  0,03 

0.085 

0.15 

0.02 

0.045 

Ta 

V.  ellght  to  V. 
heavy 

light  to  heavy 

light  to  V. 
heavy 

noderate  Co  v. 
heavy 

occaalonally 

occaelonally 

yes 

occasionally 

efficient  of  friction. 


NONE  LIGHT  MOO.  HEAVY  V  HEAVY 


TRANSFER 

NUMBERS  IN  THE  BOXES  ARE  THE  NUMBER 
OF  EXPERIMENTS  WITH  THOSE  RESULTS. 


T^ear  as  a  Function  of  Metal  Transfer 


While  there  was  a  tendency  for  more  transfer  to  occur 
heavy  and  very  heavy  transfer  occurred  even  at  zero  wear.*  The  transferred  metal 
heavy  ana  very  ^  cases.  If  experiments  with  none,  very  slight,  and 

were  nol  considered,  there  would  be  no  correlation  “J 

iSJ  transfer.  Even  rough  transferred  »tal  was  not  usually  associated  with  high 

wear  or  heavy  transfer* 

Mutual  solubility  with  a  particular  disk  metal,  melting 
chemical  properties  of  all  the  copper  alloys  are  about  the  same,  but  ^tal  transfe 
lls  sometimes  very  different.  Therefore,  these  properties  could  not  be  the 
controlling  factor.  In  addition,  small  amounts  of  iron  in  the  copper  did  not  lead 
to  transfer  or  scuffing  even  in  sliding  on  steel.  Even 

J:po"ant  factor  controlling  metal  transfer.  The  ^L^fop^tr 

rnnoers  are  identical  as  are  those  of  copper  containing  0.31  percent  fe  ana 
coOOaining  1.20  percent  Fe,  while  the  sliding  behaviors  of  the  former  on  steel 
the  latter  on  chromium  electroplate  were  very  different. 

WEAR 

Au  hsportaut  observstlou  fro.  this  study  is  that  tath  -tal  trausfer  aud  ^ar 

of  alu.lnu»  hroute  and  the  :ft:„  scSf  s^tftllS 

transfer  to''the°»tl^*surLces  more  and  show  unexpectedly  high  Although  the 

riHereLfirthe  casi  of  .aterlal  from  the  band  of  the  M483  projectile  could  be 

fcrt^baiLtri^S  r r^proje^tU^rSeran^yra^  and 

reJ^riv-J;  s^rSaP^fcorpu^^^^^^^^^^^ 

treated  structures  of  large  grains,  AL  20  and  AL  pp  inoOX-  and  sintered 

-7nr  ra-st‘;:r:d  Triitr  wira^ ^  ^loSgn  ^ 

rtLia:^!  s: 

L"rheT3^;^oj^\tl^:^"hL:‘srr:cr^1t:^L-^ 

equiaxed  grains. 

x-ray  diffraction  studies  were  made  on  the  band  “'^arlals  f^m  t^  M483  M549, 

and  M650  projectiles.  As  expected  from  its  micros  true  ture ,  the 

the  M549  projectile  showed  large  grains  and  preferred  tion 

However,  both  the  other  band  materials  showed  only  little  crystalline  orientation. 

Therefore,  the  welded  overlay  band  materials  did  not 

orientation;  so  this  is  not  an  explanation  for  their  different  slid  g 


*Zero  wear  in  this  report  implies  wear  less  than  0.025  mm,  the  limit  of  the 
experimental  measurement. 
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Excluding  the  data  on  aluminum  bronze  and  the  welded  overlay  band  materials , 
there  was  a  correlation  of  wear  with  hardness.  The  effect  of  hardness,  however,  was 
different  for  the  different  mating  surfaces.  The  data  is  plotted  in  Figure  2. 

There  was  always  wear  for  all  alloys  sliding  on  tantalum  with  less  wear  for  the 
harder  alloys.  The  wears  of  copper  alloys  sliding  on  steel  and  on  chromium  were 
similar.  No  wear  was  measured  if  the  alloys  were  harder  than  about  86  KHN.  If  the 
copper  alloys  were  softer  than  this,  their  wear  sliding  on  steel  was  about  double 
that  obtained  sliding  on  chromium.  The  wear  data  for  aluminum  bronze  and  the  welded 
overlay  band  materials,  all  of  which  had  hardnesses  of  about  140  KHN,  did  not  fit 
this  correlation.  With  the  exception  of  hardness,  no  other  property  of  the  copper 
alloys  could  be  correlated  with  wear. 


FRICTION 


The  coefficients  of  friction  measured  in  these  experiments  could  not  be 
correlated  with  any  bulk  property.  However,  since  the  hardness  of  the  slider  was 
always  considerably  less  than  that  of  the  plate  (except  in  the  cases  of  some  of  the 
alloys  sliding  on  tantalum),  a  correlation  hardness  would  not  be  expected  on  the 
basis  of  the  work  of  Moore  and  Tegart^®  or  Montgomery. 
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The  correlation  of  friction  with  adhesion  between  the  surfaces  could  not  be 
tested  because  adhesion  was  not  measured.  However,  such  a  correlation  seems 
unlikely  because  of  the  large  difference  in  friction  of  copper  containing  0.31  and 
1.20  percent  Fe  sliding  on  steel  and  OFHC  and  sintered  copper  sliding  on  both  steel 
and  chromium.  The  adhesions  of  these  alloys  would  be  expected  to  be  quite  similar. 

Although  the  effect  of  load  on  the  coefficients  of  friction  was  not 
investigated  in  more  than  a  few  cases,  some  examples  are  plotted  in  Figure  3.  The 
coefficients  of  friction  were  high  at  low  loads  and  decreased  asymptotically  as  the 
load  increased.  At  loads  greater  than  about  890  N  (200  Ibf)  there  was  usually 
little  further  change  with  load.  This  was  the  general  behavior  found  by  McFarlane 
and  Tabor. The  exact  friction-load  curve  was  different  for  all  metal  pairs 
investigated. 


.2  - 

\ 

Q  _ I _ I _ I _ I _ I _ I - 1 - 1 - 1 - 1 - 1 - 1 - * - 1 

0  200  400  600  800  1000  1200  1400 

LOAD  (N) 


Fig.  3.  Effect  of  Load  on  Coefficients  of  Friction. 
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CONCLUSIONS 


1*  It  was  not  possible  to  correlate  metal  transfer,  scuffing  (rough  deposits), 
wear,  or  friction  with  the  properties  of  the  metal  pair  except  for  the  one  exception 
discussed  below.  However,  the  sliding  behaviors  of  the  copper  alloys  were  expected 
to  be  irregular  perhaps  because  of  their  propensity  to  work  harden. 

2.  Excluding  the  data  on  aluminum  bronze  and  the  welded  band  materials,  there 
was  a  correlation  of  wear  with  hardness  with  less  wear  with  higher  hardness.  The 
effect  of  hardness  was  different  for  the  different  mating  surfaces. 

3.  Mutual  solubility  with  the  disk  metals  and  position  in  the  periodic  table 
did  not  control  metal  transfer  and  scuffing  with  the  copper  alloys  investigated. 

4.  While  there  was  a  tendency  for  more  transfer  to  occur  at  higher  wear  rates, 
heavy  and  very  heavy  transfer  did  occur  even  at  very  low  rates.  Heavy  and  very 
heavy  transfer  were  not  usually  associated  with  high  wear,  and  rough  deposits  were 
not  usually  associated  with  high  wear  or  heavy  transfer. 

5.  Metal  transfer  was  not  the  first  step  in  the  production  of  loose  wear 
particles  with  the  copper  alloys  because  there  was  wear  sometimes  without  metal 
transfer. 

6.  Wear  of  aluminum  bronze  and  the  welded  overlay  band  materials  investigated 
was  essentially  different  from  the  other  copper  alloys  investigated.  These  alloys 
often  scuffed  and  sometimes  transferred  to  the  mating  surface  more  and  showed 
unexpectedly  high  wear  when  sliding  on  steel  and  tantalum.  The  reason  for  this  for 
the  welded  overlay  band  materials  was  not  the  result  of  a  particular  microstructure 
or  crystalline  orientation. 

7.  Small  amounts  of  iron  in  the  copper  alloys  did  not  result  in  scuffing  and 
high  metal  transfer  even  when  sliding  on  steel. 
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INTERFACE  OCNSIDERATICNS  IN  MEDIUM  AND  MAJOR  CALIBER  GUNS 


J.  S.  O'BRASKY 

NAVAL  SURFACE  WEAPONS  CENTER 
DAHIiSREN,  VIRGINIA 


ABSTRACT 


A  review  of  the  interface  considerations  in  the  design  of  medium  and  major 
caliber  gun  systems  is  presented.  The  interface  considerations  under 
consideration  include: 

1.  The  design  of  the  chamber-projectile  interface  to  enable 
ramming. 

2.  The  rotating  band-forcing  cone  interface  to  ensure 
sticking  and  a  reproducible  seating  position. 

3.  The  rotating  band-rifling  interface  and  its  effects  on 
condemnatioi  criteria. 

4.  Ihe  seating  chracteristics  of  extensively  worn  guns. 

The  propelling  charge  ignitioi  and  combusticn  phenomena  have  significanat 
interface  inplications  which  have  been  treated  elsewhere  at  great  lengm. 
Therefore,  these  phenomena  are  not  treated  in  this  paper.  Also,  dc^  bore 
travel/projectile  interfaces,  although  inportant  for  projectile  flight  and  fuze 
performance,  are  not  treated  herein. 
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INTimJCTION 


Gun  tube-projectile  interface  design  is  one  of  those  arcane  disciplines 
vAiich  is  rarely  the  subject  of  mathematical  analysis.  The  usual  procedure 

associated  with  rotating  band,  chamber,  and  rifling  design  has  been  to  draw  on 

the  accumulated  experience  for  the  preliminary  design  and  to  work  out 

difficulties  in  the  evaluaticn  of  prototypes.  During  the  first  foi^  decades  of 

this  century,  this  approach  was  reascaiably  efficient.  In  that  period,  new  guns 
and  projectiles  were  continuously  in  development  and  the  design  establishments 
were  staffed  by  long  term  enployees.  As  a  result,  interface  design  became 
highly  evolutionary.  At  least  one  establishment  published  a  fairly  detailed 
account  of  this  evolution  to  preserve  the  knowledge  so  painfully  voi.  Reference 

1 .  In  recent  years,  the  number  of  new  gun  and  projectile  develcpmente  has 
become  much  smaller.  As  a  result,  each  new  project  seems  to  start  with  a  new 
and  inexperienced  design  team  vhidh  constitutes  a  diminishing  fracticxi  of  the 
development  effort.  Although  these  teams  have  the  benefit  of  modem,  highly 
sophisticated  models,  the  evolutionary  chain  has  usually  been  broken.  One  of 
the  more  unfortunate  circumstances  of  engineering  science  is  that  few  engineers 
bother  to  master  the  history  of  their  own  specialties;  jDarticularly  if  the 
literature  is  not  in  the  easily  available  forms,  e.g.,  textbooks  and  journal 
papers.  This  paper  is  presented  in  the  hope  that  some  of  the  researchers 
attending  this  conference  may  come  to  appreciate  certain  of  the  more  obscure 
interface  issues  and  understand  how  their  work  might  inpact  upcn  them. 


THE  CHAMBER-PROJECTILE  INTERFACE 


The  chamber  of  a  gun  serves  two  primary  functions.  Ihe  chamber  contains 
the  propjellilng  charge  during  the  loading  and  firing  sequenc:e  and  provides  we 
of  the  breech  end  obturating  surfaces.  The  second  function  of  ^  chamber  is 
to  serve  as  a  cam  surface  vhich  allows  the  projectile  to  be  delivered  to  the 
seated  pxositicxi  in  a  smooth  and  centered  manner.  This  secondary  function  is  of 
prime  interest  in  this  papjer. 

Three  basic  ramming  schemes  are  in  common  use: 

1.  Constant  contact  ramming, 

2.  Catapxilt  ramming,  and 

3.  Flick  ramming. 

In  constant  contact  ramming,  a  chain  rammer  or  human  hand  delivers  each 
single  oonponent  to  its  desired  location.  Classic  exaiiples  of  this  technique 
are  tlie  hand  rammed  tank  gun  anmunition  and  the  separate  loading  power  rammed 
procedures  of  major  caliber  naval  guns  and  self-propelled  artillery  pieces. 

Catapult  ramming  is  the  classic  method  used  in  separated  cased  naval  guns. 
In  this  procedure,  a  projecrtile  and  separate  cartridge  case  are  rammed  as  a 
unit.  Ihe  rammer  ^ade  is  in  contact  with  the  cartridge  case  base  until  the 
breech-face  is  reached.  The  projectile  continues  under  its  own  mcsnentum  to  the 
seated  pos i t ions .  V-  4  45 


Flick  ranming  is  one  of  the  itore  popular  schemes  for  use  in  f^roke  limt^ 
situations  such  as  automated  self-propelled  guns.  In  this  ^ 

is  accelerated  to  full  ram  velocity  in  a  very  diort  stroke  and  th^ 
across  an  air  gap  into  the  chamber.  Although  this  procedure  can  be  useful  in 
loading  propelling  charges,  it  is  rarely  used  for  this  purpose. 

Each  of  these  techniques  inposes  different  constraints  c«i  the  gun  chamber 
design.  These  differences  will  be  examined  below. 

The  best  illustraticxi  of  the  soj^isticaticxi  which  can  be  built  into  the 
chamber-cam  profile  is  contained  in  the  16V50  MK  7  Mod  0  gun  design.  This 
weapon  has  a^choke  at  the  breech  end.  The  choke  was  used  to  reduce  force  l^el 
on  the  breech  block  by  presenting  the  anallest  reascsiable  breech  opening.  The 
proiectile  is  rammed  across  the  spanning  tray  through  the  choke.  ^  the 
projectile  center  of  gravity  extends  beyond  the  choke,  the  proDectile  tips  into 
the  chamber.  Figure  1.  The  rammer  head  is  still  at  the  choke  level.  Note  that 
the  tip  angle  must  be  small  enough  so  that  the  windshield  is  not  damag^  and 
the  projectile  base  does  not  bird  on  the  choke.  The  projectile  base  then 
slides  down  the  choke  face  until  the  projectile  rests  cn  the  high  lip  of  the 
rotating  band  and  the  forward  bourrelette.  Note  that  the  point  of  cxDnta<±  of 
the  rammer  head  is  slightly  above  the  projectile  centerline.  As  the  projectile 
slides  forward  the  ramnner  head  crawls  down  the  choke  face  and  re-establishes 
itself  in  contact  with  the  projectile  base.  Figure  2.  The  ogive  now  picks  ip 
the  centering  slope.  The  projectile  nose  is  cammed  up.  Note  that  the  height 
and  location  of  the  rotating  band  high  lip  limits  the  maximum  nose  excursion. 

As  the  projectile  center  of  gravity  passes  the  forward  edge  of  tte  centering 
slope,  the  projectile  tips  aligning  itself  with  the  bore.  At  this  point  the 
rammer  head  point  of  contact  has  again  changed.  It  is  inportant  that  the 
centering  slope  be  sufficiently  shallow  and  the  rammer  head  be  sufficiently 
high  so  that  the  ramner  cannot  jam  the  projectile.  At  this  point,  the 
projectile  is  delivered  centered  to  the  forcing  oone,  i.e.,  the  seated 
position.  It  should  be  noted  that  the  projectile  is  the  follower  operating  on 
the  cam  profile  provided  by  the  chamber.  The  dynamics  of  rammuig  are  functions 
of  the  geometry,  projectile  mass  properties,  point  of  applicaticxi  of  the 
ranming  force ^  and  velocity  of  ram.  It  is  entirely  possible  in  a  poor  y 
designed  system  for  the  "follower"  to  leave  the  "cam"  and  ballot  against  the 
upper  chamber  wall.  This  acition  can  cause  jamming  or  a  loss  in  ram  velocity. 
The  projectile  is  delivered  to  the  forcing  cone  at  a  velocity  of  seven  to 
twelve  feet  per  second.  Seven  feet  per  second  is  usually  considered  the 
sticking  threshold  . 

In  catapult  ranming  of  semi-fixed  ammunition,  the  projectile  ^d  cased 
propelling  charge  are  rammed  as  a  unit.  The  camming  action  is  similar  to  that 
observed  in  constant  contact  ramming.  In  this  case,  the  projectile 
contact  with  the  cartridge  case  closure  pli^  does  change  somewhat.  The 
cartridge  case  is  stopped  by  its  flange's  impact  on  the  chamber,  "^e 
projectile  continues  to  run  under  its  own  momentum  until  the  rotatii^  band 
encounters  a  seating  slope.  The  free  run  distance  varies  from  cne  inch  to 
twenty  inches  depending  on  weapon  caliber  and  erosicxi  state.  In  this  ramming 
node,  sufficient' energy  must  be  supplied  to  ensure  the  projectile  seats  in  the 
most  worn  gun  conditicxi  when  the  weapon  is  at  maximum^ loading  elevation.  In 
the  5"/54  MK  42  gun  mount,  this  elevation  angle  is  85  • 

velocities  vary  over  a  range  of  seven  to  forty-five  feet/second  depen  ng 
system  rate  of  fire  requirement.  V-446 


Flick  ranming  is  the  nost  difficult  scheme  to  make  reliable.  In  this 
concept,  a  projectile  is  given  enough  energy  in  the  rammer  to  transit  an  air 
space  outside  the  breech,  slide  through  the  chamber  and  arrive  at  the  seated 
positicHi  with  enough  velocity  remaining  to  stick  in  the  forcing  cone.  For  some 
systems,  this  process  must  be  achieved  at  any  load  angle  between  0*  and  70®. 

The  obvious  first  prerequisite  for  a  successful  flick  rammier  is  to  reliably 
release  any  projectile  the  gun  ^stem  may  use  from  the  rammer  at  a  consistent 
velocity  and  in  an  attitude  maintained  within  strict  yaw  limits.  The  chamber 
profile  should  be  quite  gentle  and  the  rotating  band  should  have  a  high  lip  to 
assist  in  centering  a  projectile  which  may  be  balloting  badly.  If  the  system 
is  an  any  load  angle  design,  the  ram  velocity  is  usually  established  by  the 
high  angle  energy  requirement.  This  situaticxi  can  result  in  "follower" 
separation  in  a  chamber  with  rapid  slope  changes.  In  the  flick  rammer  scheme, 
the  projectile  is  in  free  flight  except  when  it  contacts  the  chamber  wall. 

The  specific  point  of  this  discussion  of  elementary  chamber-projectile 
kinematics  in  an  erosion  symposium  is  that  certain  chamber  and  rotating  band 
characteristics  vhich  may  not  be  desirable  from  an  erosion  or  ignition 
phenomena  point  of  view  may  be  dictated  by  the  kinematics  of  this  interface. 
Typical  parameters  of  interest  are  the  rotating  band  high  lip  diameter  and 
location,  multi-taper  chambers,  and  chamber  surface  finishes  and  protec±ive 
coatings. 


THE  ROTATING  BAND-FORCING  COQE  INTERFACE 


A  second  interface  of  significant  interest  is  the  interface  between  the 
rotating  band  and  the  forcing  oone.  This  interface  controls  the  seating 
position,  sticking,  and  seating  consistency. 

Over  the  years,  the  general  trend  in  forcing  cone  design  has  been  toward  a 
single  shallow  cone  with  one  to  three  degree  slope.  Figure  3  illustrates  this 
trend.  The  single  deviation  from  this  trend  was  the  Piobertized  forcing  cone 
which  was  based  on  the  theory  that  "what  is  not  there,  cannot  erode".  In  fact, 
experience  indicates  that  the  conplicated  forcing  oone  always  eroded  into  a 
oonioal  form  anyway.  The  single  major  erosico  phenonena  encountered  in  the 
foroing  cone  region  is  the  gas  wash  pocket.  Figure  4.  Current  naval  practice 
calls  for  gun  tube  condemnatico  if  these  pockets  exceed  10%  of  the  wall 
thickness.  Reference  2.  The  causes  of  gas  wash  pockets  are  scanewhat  obscure. 

It  has  been  cfcserved  that  such  pockets  occur  most  often  where  a  local  area  of 
surface  roughness  or  a  surface  enclusion  has  previously  been  known  to  exist. 

In  addition,  propellant  gas  stagnaticxi  under  the  rotating  band  during  the  early 
stages  of  engraving  may  also  be  inplicated. 

The  rotating  band-forcing  cone  interface  determines  the  shape  of  the 
velocity-loss  curve.  In  Figure  5,  the  5"/54  MK  19  gun  barrel-MK  64  projectile 
rotating  band  interfacje  is  illustrated.  Note  that  in  a  new  gun  the  front  edge 
of  the  band  oontrols  the  projectile  seating  distance.  Only  vhen  the 
bore-enlargement  exceeds  0.100  inch  does  the  projectile  seating  distance  begin 
to  change.  Very  rapidly,  the  seating  control  shifts  to  the  rotating  band  high 
lip.  Figure  6  is  the  velocity  loss  curve  for  this  weapon.  In  Figure  7  the 
5"/54  MK  19  gun  barrel-MK  73  projectile  interface  is  illustrated.  .Wie  5"/54  MK 
73  projectile  uses  a  plastic  rotating  band  with  a  very  high  lip  which  seats  on 
a  part  of  the  forcing  oone  which  does  not  erode.  Figure  8  contains  the 
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5''/54  MK  73  projectile  velocity  loss  curve.  Note  that  ituzzle  velocity  eve  is 
maintained  even  under  high  erosion  conditions  and  that  the  velocity  loss  curve 
is  decreasing  linearly. 


THE  PDTATING  BAND-RIFLING  INTERFACE 


The  rotating  band-rifling  interface  establishes  the  maxinuM  erosion 
condition  which  can  be  tolerated  if  accuracy  is  t^e 

parameterizes  the  experience  using  both  Amy  and  Navy  data.  Note  that  rotat  g 
bands  without  high  lips  invariably  lead  to  gun  oondenration  levels  of 
ADo  =  .02.  A  high  lip  without  a  body  of  band  interference  leads  t 

to'^ndentiation  at  ADo  =  .03.  A  high  Up  and  a  body  of  band  intetferenoa 

ADO 

results  in  .04  <  ADo  <  .055.  The  impact  of  this  situation  can  be  seen  in 

Fiqure  10.  Note  that  the  difference  beweeen  a  ADo  _  =  .02  and  a  0.04 

ADo 

condemnation  level  is  a  3:1  increase  in  gun  barrel  accuracy  erosion  life. 


v^©i;e;  ADq  =  change  in  bore  diameter 
ADq  =  initial  bore  diameter 

It  should  be  r»ted  that  fuze  reliability  and  allowable  maximum  range  r^uction 
are  also  erosion  life  condemnation  criteria.  These  matters  were  covered  in 
Reference  3. 


SEATING  CONDITIONS  IN  EXTREMELY  WORN  GUNS 


Occasionally  a  gun  system  may  have  such  a  poor  eros^  perfor^oe  that  it 
becomes  necessary  to  allow  extreme  erosion  conditions.  This  situation  usually 
arises  in  rapid  fire,  high  performance  guns  using  medium  or  high  flame 
?SSraSlre  propelUts.  irthis  case,  the  projectile  seats  on  an  e^ed  tore 
su^ce.  As  the  surface  erodes,  the  projectile  seats  fur^er  and  further  down 
bore.  This  process  results  in  significant  velocity  variability  because  the 
rotating  band  tolerances  new  effect  seating.  Figure  11. 


CONCLUSICNS 

The  proper  design  of  the  gun-projectile  interfaces  can  have  a  significant 
impact  on  the  service  life  of  the  weapon  and  on  its  ability  to  accept  erosion 
conditions.  These  design  features  are  rarely  analyzed. 
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5-IN./54  MK  41  PROJECTILE  SEATED  IN  NEW  GUN 
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5-IN./54  MK  41  PROJECTILE  SEATED  ON 
EROSION  CONE  IN  VERY  WORN  GUN 
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ABSTRACT 


Heating  conditions  in  current  high-performance  anti-armor  cannons  have 
been  found  sufficient  to  produce  single-shot  bore  surface  melting  when  uninhibi  e 
ammunition  is  fired.  Heating/erosion  testing  of  uninhibited  ammunition  in  unique 
instrumented  test  fixtures  at  Calspan  suggested  intolerably  short  tube  life 
without  use  of  effective  erosion  inhibitors. 

This  paper  describes  the  results  of  a  developmental  program  in  which 
Calspan  designed  and  fabricated  thermal/erosion  research  fixtures,  conducted 
single-shot  Lating  and  erosion  evaluations  of  candidate  inhibitors,  and  assembled 
prototype  inhibitor  packages  for  use  in  burst  fire  weapon  s  evaluation. 

The  effectiveness  of  silicone  ablatives  and  Ti02/wax  inhibitors  on  bore 
heating  and  erosion  is  presented.  Results  of  test  evaluations  of  a  number  of 
inhibitor  compositions  and  deployments  are  presented.  f 

shown  for  a  unique  ablator  design  based  upon  ablator  injection.  For  it,  ^rosio 
life  is  shown  to  increase  at  least  thirtyfold  over  that  of  uninhibited  ammunition. 
Large  reductions  in  bore  heating  are  also  demonstrated  with  use  of  ablator 
inj  ection . 


INTRODUCTION 

The  desire  for  increased  terminal  effectiveness  of  kinetic  energy  pene- 
trators  has  led  to  the  development  of  high  charge-to-mass  ratio  ammunition  with 
resulting  increased  single-shot  tube  erosion  and  heating.  Basic  causes  of  such 
Increased  heating  and  erosion  are  due  to  the  need  for  the  utilization  of  increased 
pressures,  propellant  gas  temperatures,  and  propellant  gas  velocities  which  are 
required  to  achieve  the  needed  superior  firepower.  Furthermore,  the  cannon 
systems  which  are  intended  to  employ  this  ammunition  in  the  anti-armor 
much  of  their  lethality  from  relatively  high-rate  operation.  This  ^ 

tion  naturally  impacts  unfavorably  on  cannon  thermal  performance  and  tube  erosion 

life . 

Calspan  has  for  a  number  of  years  been  actively  engaged  in  assessment  and 
alleviation  of  tube  heating  and  erosion  for  anti-armor 
Early  efforts^’^  resulted  in  extension  of  tube  erosion  life  for  the  AR 
HIMAG  cannon  by  as  much  as  thirtyfold,  using  ablative  additives  ammuni¬ 

tion.  In  those  efforts,  it  was  found  that,  although  materials  and  plating 
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solutions  to  tube  erosion  were  found  to  extend  tube  life  in  research  fixtures, 
problems  associated  with  implementation  of  such  solutions  as  well  as  their 
limited  extension  of  operational  range  suggested  the  development  of  ablative 
ammunition  additive  packages  to  be  the  solution  having  the  greatest  potential 
long-range  benefit. 

The  use  of  a  silicone  ablative  composition  added  to  the  basic  75mm 

telescoped  round  in  the  ARES  HSTV-L  was  found  to  virtually  eliminate  tube  erosion 

in  single-shot  firings.^  Additionally,  there  was  evidence  that  the  ablative 
composition  lowered  the  bore  heating  such  that  the  onset  and/or  growth  of  bore 
surface  cracking  was  alleviated.  Subsequent  erosion  phenomenology  investigations 
at  Calspan  revealed  that  bore  heating  and  erosion  severity  is  related  to  the  rate 

at  which  projectile  kinetic  energy  is  generated  in  the  interior  ballistics  cycle. 

High  rates  of  projectile  kinetic  energy  generation  as  present  in  current  anti¬ 
armor  cannons  lead  to  tube  diametrical  erosion  rates  measured  in  thousandths  of 
an  inch  per  shot.  Again,  ablative  erosion  inhibitors  were  found  to  show  promise 
toward  significant  reduction  of  these  severe  rates  of  erosion. 

This  paper  deals  with  additional  findings  regarding  mitigation  of  heating/ 
erosion  using  the  ablative  approach  for  telesoped  medium  caliber  anti-armor 
ammunition. 


HEATING/EROSION  TEST  APPARATUS  AND  PROCEDURES 


GENERAL 


As  a  means  of  measuring  and  evaluating  heating/erosion  in  actual  firing 
tests,  Calspan  designed,  fabricated,  and  installed  a  unique  test  fixture  at  its 
Ashford  Experimental  Site.  This  single-shot  test  fixture  was  designed  to  repre¬ 
sent  the  essential  features  of  a  medium-caliber  anti-armor  cannon  but  had  provi¬ 
sions  for  measurement  of  local  heating  and  erosion  along  the  gun  tube.  Measure¬ 
ment  of  heating  and  erosion  for  shots, to  be  discussed  later,  permitted  Calspan 
to  evaluate  a  number  of  candidate  erosion  inhibitors  quickly  through  limited 
single-shot  firings  of  each.  Generally  speaking,  erosion  inhibitors  were  tested 
in  groups  of  typically  3  to  4  shots  of  each  type,  at  which  time  test  data  was 
reduced  and  the  performance  of  the  inhibitor  analyzed.  Many  variations  in  erosion 
inhibitor  deployment,  type,  and  composition  could  therefore  be  assessed  in  the 
test  program. 

HEATING/ EROS ION  TEST  FIXTURE 


Figure  1  illustrates  schematically  the  erosion  test  fixture  design.  It 
consists  of  several  components  that  are  joined  together  to  permit  assessment  of 
both  heating  and  erosion  at  various  axial  stations  along  the  gun  tube.  A  primary 
member  of  the  fixture  is  the  support  frame  which  effectively  houses  the  chamber 
and  two  short  barrel  sections.  The  support  frame  supports  the  ammunition  endcaps 
between  the  breech  plate  and  the  first  short  barrel  section  during  firing. 

The  ammunition  fired  in  this  fixture  is  of  the  telescoped  variety  which 
consists  of  metallic  endcaps  and  a  plastic  case.  The  telescoped  projectile  is 
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guided  in  its  initial  passage  into  the  gun  tube  through  the  use  of  metallic 
guide  sleeve  internal  to  the  round.  The  view  of  the  primary  components  involving 
the  erosion  inhibitor  is  given  later  in  this  paper.  In  loading,  the  telescoped 
ammunition  is  placed  into  the  chamber  while  the  chamber  is  at  a  lateral  position 
to  the  side.  A  removable  breech  plate  is  retracted  slightly  during  the  operation. 

A  sideward  movement  of  the  chamber  and  forward  movement  of  the  breech  plate  engages 
both  endcaps  with  corresponding  cutouts  in  the  breech  and  barrel  faces.  The  wedge 
breech  plate  holds  the  movable  plate  forward,  assuring  adequate  resistance  against 
ammunition  rupture.  The  main  feature  of  the  technique  is  that,  once  the  ammuni¬ 
tion  is  placed  between  the  first  short-barrel  section  and  the  movable  breech  plate, 
it  is  supported  on-line  with  the  bore  of  the  tube  and  is  locked  in  place  between 
these  positions. 

The  support  frame  and  main  barrel  together  provide  a  mass  which,  during 
firing,  recoils  rearward  sliding  along  the  support  bed.  Recoil  energy  is  absorbed 
using  an  hydraulic  shock  absorber. 


INSTRUMENTATION  AND  DATA  REDUCTION 


The  erosion  and  heating  data  were  acquired  at  various  axial  stations,  as 
indicated  in  Figure  1.  Erosion  measurements  were  obtained  using  test  rings 
installed  at  sections  of  the  barrel  as  was  done  in  prior  75mm  testing.  2,3 
positions  of  the  test  rings  were  at  the  entrance  of  the  tube  and  at  7,  14,  and  28 
inches  from  the  tube  entrance.  Post-test  removal  of  the  test  rings  was  accom¬ 
plished  by  breaking  threaded  joints  and  withdrawing  specific  test  rings.  Gas 
obturation  was  through  the  use  of  ''O’'  rings  at  each  section.  The  qualitative 
surface  effects  characterization  of  each  ring  was  through  the  use  of  Indium 
replicas  of  the  surface  and  optical  examination.  The  actual  material  loss  asso¬ 
ciated  with  firing  was  established  by  weighing  each  test  ring  and  computing  the 
average  diametrical  loss  on  the  basis  of  density-volume  considerations.  This 
method  was  deemed  most  appropriate  since,  for  the  conditions  of  test,  the  weight 
losses  associated  with  these  firings  were  easily  observed  by  use  of  analytical 
balance  measurements . 

The  heat  input  determinations  for  all  instrumented  locations  were  made 
through  the  use  of  in-wall  thermocouples  of  a  type  previously  used  at  Calspan. 
These  were  fabricated  and  installed  as  is  illustrated  in  Figure  2.  Thermo¬ 
electric  output  of  the  thermocouple  is  converted  to  total  heat  input  through 
application  of  data  reduction  methods  of  reference  1. 

In  addition  to  the  basic  erosion  and  heating  measurement,  Calspan  also 
determined  the  pressures  in  the  chamber  and  tube  during  each  shot  utilizing 
conventional  piezoelectric  transducers.  A  gross  maximum  pressure  in  the  cartridge 
case  was  also  recorded  using  Mil  type  copper  ball  crusher  gages  for  each  shot. 
Velocity  measurements  for  each  round  were  determined  through  the  use  of  downrange 
break  wire  screens  and  an  oscilloscope  timing  indicator.  Basic  utilization  of 
the  velocity  measurement  was  to  assess  differences  in  ammunition  performance  as 
a  result  of  changes  in  erosion  inhibitor. 
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Figure  2  IN  WALL  THERMOCOUPLE  DESIGN  AND  INSTALLATION 
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TEST  RESULTS  AND  DISCUSSION 


Evaluations  of  erosion  and  heating  were  made  for  telescoped  proof-slug 
armor  piercing  ammunition  (PSAP)  at  ammunition  temperatures  ranging  from  -45  to 
+145°F.  The  composition  of  the  ablator  formulation  was  varied  as  was  its  basic 
deployment.  Evaluations  of  Ti02  additive  and  two  general  ablator  deployments  were 
made. 


EROSION  EVALUATIONS 


Non-Ablative  Ammunition 


Firing  tests  for  the  purpose  of  establishing  both  heating  and  erosion  were 
conducted  initially  utilizing  non-ablative  proof-slug  ammunition.  These  firings 
were  to  obtain  baseline  values  upon  which  erosion  inhibitor  tests  of  ablative 
configurations  could  be  compared.  In  the  firings,  both  interior  ballistics  data 
and  heating  and  erosion  data  were  gathered.  Generally,  the  erosion  at  the  various 
axial  stations  was  found  to  increase  greatly  as  the  charge  level  was  increased. 

In  examining  the  characteristics  of  the  surface  of  the  test  rings  in  these  non¬ 
ablative  firings,  it  was  found  that  all  the  test  rings  exhibited  surface  melting 
erosion  with  gross  material  loss.  Bore  diametrical  enlargements,  measured  in 
thousandths  of  an  inch  per  shot,  were  indicated.  Hence,  the  tube  service  life, 
when  firing  non-ablative  ammunition,  would  be  expected  to  be  very  short  -- 
measured  in  tens  rather  than  hundreds  of  shots  per  barrel.  Hence,  effective 
mitigation  of  erosion  was  shown  to  be  essential  in  order  to  achieve  an  effective 
rapid  fire  cannon  system. 


Ti02/Wax  Liner  Configuration 


A  brief  examination  of  the  viability  and  efficacy  of  the  common  Ti02/wax 
liner  was  performed  early  in  the  test  program.  For  these  evaluations,  typical 
105mm  Ti02/wax  liners  were  placed  inside  the  plastic  cartridge  case  at  the  wall 
and  were  intended  to  operate  in  similar  fashion  to  that  used  in  105mm  cased 
ammunition.  A  number  of  shots  were  conducted  to  establish  the  heating  erosion 
profile  for  this  type  of  erosion  inhibitor.  Results  of  the  erosion  tests  are 
presented  in  Figure  3.  Here,  it  is  observed  that,  compared  to  the  non-ablative 
ammunition,  the  liner  provides  some  measurable  reduction  in  erosion  near  the  tube 
entrance  but  shows  rapid  loss  of  effectiveness  at  downbore  locations  in  the  tube. 
As  indicated  in  Figure  3,  the  percentage  benefit  utilizing  the  liner  appears  to 
be  essentially  negligible  at  approximately  four  calibers  into  the  tube.  Further¬ 
more,  although  the  percentage  reductions  in  erosion  at  the  tube  entrance  are 
significant,  they  are  far  removed  from  what  is  actually  needed  to  produce  the 
desired  major  increases  in  tube  erosion  life.  It  was  found  that  firings  utilizing 
the  Ti02/wax  additive  exhibited  bore  surface  melting  also  measured  in  thousandths 
of  an  inch  per  shot.  Furthermore,  the  surfaces  beneath  any  residual  Ti02  deposits 
after  firing  showed  evidence  of  bore  surface  melting.  It  is  felt  that  under  the 
conditions  of  firing  present  in  these  high  energy  charges,  the  integrity  of  the 
Ti02/wax  surface  deposits  is  insufficient  to  withstand  the  severe  hyperthermal 
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Figure  3  EFFECT  OF  Ti02  LINER  ON  EROSION  FOR  A  TYPICAL  TELESCOPED  CARTRIDGE 
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environment  of  the  gun  firing.  Deposits  observed  at  the  completion  of  each 
individual  shot  are  those  which  can  withstand  later  aspects  of  the  ballistic 
cycle  without  loss,  but  surface  damage  has  already  taken  place.  Because  of  its 
rather  poor  performance  at  the  entrance  of  the  tube,  it  appears  that  simple 
utilization  of  Ti02  wax  liners  would  not  be  adequate  to  provide  needed  erosion 
protection  in  these  telescoped  ammunition  types. 


Conventional  Ablator  Package  Configurations 

First  investigations  of  ablator  modifications  to  the  PSAP  ammunition  were 
based  upon  techniques  and  packaging  configurations  utilized  earlier  in  the  75mm 
ammunition  HSTV-L.  This  conventional  system  is  illustrated  in  Figure  4.  It 
consists  essentially  of  an  outer  plastic  sleeve  extension  or  side  wall  in  which 
the  ablator  is  inserted  and  a  plastic  cover  to  separate  the  ablative  composition 
from  the  main  propellant  charge.  The  ablative  material  itself  was  formulated  of 
various  mixes  of  dimethyl  silicone  fluid,  Mica,  Cab-O-Sil  and  Triton  XlOO  wetting 
agent.  The  proportions  of  each  ingredient  varied  depending  upon  the  composition 
being  evaluated.  In  general,  the  dimethyl  silicone  fluid  proportion  constituted 
the  main  ingredient  of  the  ablator  mix  being  from  60  to  90  percent  of  the  mix 
itself. 


The  study  of  the  test  data, generated  through  firings  of  many  variations  in 
ablator  formulation  and  deployment, revealed  that  the  ablative  compositions,  in 
general,  provided  very  large  reductions  in  the  maximum  bore  erosion  and  did 
operate  to  extend  dramatically  the  tube  erosion  life.  It  was  found  that  all 
provided  significant  benefit  relative  to  erosion  over  that  of  the  non-ablative 
charges.  Individual  formulations  and  deployments  indicated  each  to  perform 
successfully  at  various  stations  of  the  tube.  On  the  other  hand,  each  was  observed 
to  show  inadequate  protection  at  some  axial  station  or  the  other,  such  that  the 
actual  increase  in  erosion  life  of  the  tube  was  limited  to  no  more  than  five  times 
that  of  the  non-ablative  charge  for  general  ablator  weights  below  5  percent  of  the 
charge  weight.  Following  the  initial  tests  whereby  insufficient  ablator  protection 
was  obtained,  ablative  firings  at  a  weight  level  approaching  8  percent  of  the 
charge  were  conducted  using  a  Mica  enriched  ablator.  Figure  5  shows  the  relative 
effectiveness  of  this  best  conventional  configuration  on  erosion.  Here,  we  observe 
that  very  great  reductions  are  produced  in  erosion  near  the  entrance  of  the  tube. 
Some  effectiveness  of  the  ablator  is  lost  as  one  proceeds  axially  downbore 
reaching  a  maximum  erosion  at  a  location  of  approximately  five  calibers  into  the 
tube.  Beyond  this  location,  some  further  increased  protection  appears  to  be  gained. 
The  typical  erosion  profile  as  illustrated  in  Figure  5  is  representative  of  that 
known  as  the  secondary  wear  profile.  At  this  level  of  inhibitor,  the  resulting 
benefit  in  erosion  life  over  that  of  the  non- ablative  ammunition  appears  to  be 
increased  to  about  7  to  1 . 

Later  brief  investigation  of  the  efficiency  of  ablator  coating  deposits  on 
the  bore  surface  revealed  that  the  protection  afforded  by  the  Mica  ablator  and  in 
this  configuration  appeared  to  be  approaching  the  limit  of  performance  within  the 
ablator  amount  feasible  for  application  in  this  round  type.  Hence,  it  was 
believed  that  other  means  for  deployment  of  the  ablator  must  be  sought,  if  com¬ 
plete  protection  of  the  tube  is  to  be  obtained. 
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Figure  4  CONVENTIONAL  ABLATOR  CONFIGURATION 
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Figure  5  RELATIVE  EFFECTIVENESS  OF  THE  CONVENTIONAL  ABLATOR  CONFIGURATION 
ON  EROSION 
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Ablator  Injection 

The  basic  drawback  of  the  conventional  ablator  packap  above 
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nressure  time  histories  in  the  round,  it  was  recognized  that  during  the  tiring  o 
?he  telescoped  cartridge,  a  substantial  pressure  difference  exists  across  th 
steel  round  control  guide  sleeve  in  the  front  endcap. 

It  was  believed  that  ablator  placed  in  the  annular  space  between  the  round 

HenS  tte  iul!  prLsure  drop  across  the  round  control  guide  sleeve  could  be 
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concept  for  the  ablator  injection  scheme. 

Calsnan  entered  into  an  evaluation  of  the  scheme  in  an  effort  to  establish 

tion  of  injected  ablator  fluid  throughout  ball is  ^  J  ^  provide  total 

Calspan  systematically  determined  the  required  amount  of  ablator  to  p 

protection  of  the  bore  surface. 

Tests  of  the  resulting  ablator  injection  Isso-’'"’ 

ture  indicated  essentially  no  erosion  along  iTt^e  general  bore  were 
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Figure  7  ILLUSTRATION  OF  ABLATOR  EFFECTIVENESS  IN  THE  NEIGHBORHOOD 

OF  THE  INJECTOR  PORTS 


complete.  Therefore,  it  is  essential  that  ablative  material  be  injected  through 
the  ports  for  a  duration  at  least  sufficient  to  preclude  erosion  throughout  the 
interior  ballistic  cycle. 

It  was  found  that  test  rings  downbore  are  protected  to  nearly  the  same 
extent  as  that  portrayed  near  the  ports  (Figure  7)  when  the  ablator  injection  is 
operating  successfully.  There  was  evidence  in  the  firings  that  bore  surface 
coating  deposits  were  measured  to  be  less  than  1-1/2  to  2  thousandths  thick. 

This  should  not  interfere  with  projectile  travel  or  stability  in  the  tube. 

Figure  8  illustrates  the  relative  erosion  distributions  for  non-ablative 
ammunition  compared  to  that  modified  using  ablator  injection.  At  70°F  ambient, 
erosion  life  is  observed  to  be  increased  by  as  much  as  thirtyfold  over  that  of 
uninhibited  ammunition.  Furthermore,  erosion  using  ablator  injection  is  in 
evidence  at  all  only  beyond  5  calibers  into  the  tube.  Erosion  values  are  essen¬ 
tially  nil  near  the  tube  entrance. 

At  increased  ammunition  temperature  to  145®F,  some  loss  in  ablator  effec¬ 
tiveness  is  observed;  but,  nonetheless,  very  significant  protection  is  observed. 
At  subzero  temperatures  (data  not  shown),  no  erosion  was  observed. 


HEATING  EVALUATIONS 


Heat  input  determinations  for  the  different  charges  were  made  at  various 
axial  stations  along  the  tube.  It  was  found  that  heating  values  for  the  very 
high  kinetic  energy  charges  produced  heat  input  values  upwards  of  145  Btu*s  per 
square  foot  near  the  entrance  of  the  tube,  diminishing  somewhat  along  the  tube 
axis.  Figure  9  illustrates  the  typical  heat  input  distribution  along  the  tube 
for  the  three  basic  charge  types  investigated.  As  one  may  observe,  the  heat 
input  for  the  non-ablative  charges  diminishes  roughly  15  percent  over  the  first 
8  calibers  of  the  tube  and  this  is  the  basic  reason  why  there  is  a  significant 
reduction  in  the  axial  erosion  for  this  charge  as  one  proceeds  downbore.  The 
heat  input  distribution  for  the  conventional  ablator  configuration  is  shown  to 
show  greatest  protection  near  the  entrance  of  the  tube  and  less  downbore;  this 
accounts  for  the  loss  of  downbore  protection  with  respect  to  erosion  for  this 
particular  configuration.  The  heat  input  distribution  for  the  ablator  injection 
technique  indicates  substantial  reductions  in  heating  along  the  tube  out  as  far 
as  8  calibers  and  beyond.  Heating  reductions  of  as  much  as  40  percent  compared 
to  non-ablative  are  observed  near  the  entrance  of  the  tube  and  become  nearly 
constant  at  this  percentage  throughout  the  initial  sections  of  the  barrel.  The 
rather  large  reductions  in  heating  observed  should  be  expected  to  result  in  major 
gains  in  rapid-fire  erosion  life  in  that  bore  temperatures  and  barrel  average 
temperatures  will  be  diminished  significantly  over  those  of  non-ablative  ammuni¬ 
tion  in  the  multi-shot  firings  for  which  the  anti-armor  cannons  are  designed. 


INTERIOR  BALLISTICS  PERFORMANCE 


Assessment  of  the  interior  ballistics  performance  of  all  ammunition  con¬ 
taining  ablative  components  indicated  very  minimal  increase  in  maximum  chamber 
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FRACTION  OF  NON-ABLATIVE  ENTRANCE  EROSION 
(AT  70®F) 


Figure  8  RELATIVE  EFFECTIVENESS  OF  ABLATOR  INJECTION  ON  EROSION 
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HEAT  INPUT  AS  A  FRACTION  OF 
NON-ABLATIVE  AT  ENTRANCE  OF  TUBE 
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Figure  9  TUBE  HEATING  COMPARISONS  (TELESCOPED  AMMUNITION) 
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pressure  compared  to  that  of  the  non-ablative  ammunition.  It  was  also  found  that 
?he  resulting  muttle  velocities  for  the  inhibited  asMunitions  were 
ble  from  those  for  the  non-ablative  ammunition.  Hence,  it  is  *  . 

ballistic  performance  is  sacrificed  with  the  inclusion  of  the  ablative- erosion 
inhibitor  and  injection  scheme  described  in  the  earlier  sections. 


CONCLUSIONS 


armor 


Calspan's  investigations  of  heating  and  erosion  for  the  high  energy  anti 
ammunitions  permit  a  number  of  conclusions  to  be  drawn. 


Instrumented  single-shot  heating  and  erosion  test  fixtures 
can  permit  efficient  assessment  of  these  factors  for  candidate 
ammunition  types  and  modifications . 


2.  Erosion  conditions  in  high-energy  anti-armor  cannons  can 
exceed  the  bore  surface  melting  threshold  in  single-sho 
firings  of  uninhibited  ammunition. 

3.  Only  very  limited  protection  of  the  tube  appears  to  be 
attainable  in  telescoped  cartridge  designs  through  the  use 
of  Ti02/wax  liners. 

4.  Ablative  formulations  applied  as  additives  in  a  conventional 
aft  configuration  can  provide  significant  protection  agains 
heating  and  erosion.  Severalfold  increases  in  tube  life  are 
suggested. 

5.  Efficient  application  of  ablative  erosion  inhibitors  suggests 
virtual  elimination  of  bore  erosion  in  telescoped  cartridge 
designs  for  which  ablator  injection  is  feasible. 

6.  The  effect  of  the  erosion  inhibitors  on  the  interior  ballistics 
performance  of  the  round  appears  to  be  minimal.  Tests  show 
minor  increase  in  maximum  chamber  pressure  as  a  result  o 
reduced  chamber  volume  associated  with  introduction  of  the 
ablator  package.  Little,  if  any,  measurable  loss  of  muzzle 
velocity  has  been  observed. 

7.  Heating  reductions  through  the  use  of  effective  ablative 
erosion  inhibitors  have  been  found  to  be  significant. 

Heating  reductions  of  as  much  as  40  percent  were  observed 
for  the  ablative  injection  configuration.  Optimization  o 
the  ablator  formulation  could  undoubtedly  improve  this 
percentage . 
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ABSTRACT 

The  natural  flow  channels  offered  by  propelling  charges  composed  of  bundles 
of  stick  propellant  significantly  reduce  the  resistance  to  gas  flow  when  compared 
to  that  of  granular  propellant  charges,  virtually  eliminating  potentially  damag¬ 
ing  pressure  waves  in  the  gun  chamber.  However,  this  same  feature  which  reduces 
pressure  waves  may  also  result  in  more  propellant  remaining  in  the  chamber, 
burning  behind  the  origin  of  rifling,  and  perhaps  increasing  barrel  erosion,  in 
this  study,  a  two-phase  flow  interior  ballistic  code  (NOVA)  is  employed  to 
compare  propellant  motion  and  heat  transfer  processes  for  ballistically- 
equivalent  stick  and  granular  propellant  charges.  A  large  difference  in  the 
motion  of  the  solid  phase  during  ignition  and  combustion  is  predicted  for  the  two 
configurations,  leading  ultimately  to  an  approximately  300  K  higher  maximum  wall 
temperature  for  the  stick  propellant  charge. 

INTRODUCTION 

Stick  propellant  is  finding  increasing  application  in  high-performance 
artillery  charges •  Currently  employed  in  a  number  of  European  top-zone  propel¬ 
ling  charges,  stick  propellant  is  now  being  introduced  into  US  artillery  as  a 
product  improvement  to  the  existing  155-mm,  M203  (Zone  8S)  propelling  Charge. 
Further,  its  use  is  all  but  assured  in  future  advanced  artillery  weapon  systems 
under  consideration  in  the  United  States. 


The  current  popularity  enjoyed  by  stick  propellant  can  be  attributed  to  a 
number  of  very  desirable  ballistic  advantages  associated  with  its  use,  some  of 
them  only  potential  but  others  clearly  demonstrated.  The  natural  flow  channels 
associated  with  bundles  of  sticks  reduce  the  resistance  offered  to  gas  flow  by 
several  orders  of  magnitude  when  compared  to  that  resulting  from  the  tortuous 
path  required  of  flow  through  a  granular  propellant  bed’ .  Locally  high  pressure 
gradients  cannot  therefore  be  supported  in  a  stick  propellant  charge,  and  poten¬ 
tially  damaging  longitudinal  pressure  waves  are  all  but  unseen.  In  addition,  the 
regular  packing  of  propellant  sticks  yields  higher  loading  densities  than  for 
randomly  packed  granular  propellant,  allowing  equivalent  performance  with  stick 
propellant  charges  using  a  slightly  increased  mass  of  a  lower  energy,  lower 
flame -temperature  propellant  formulation.  It  is  widely  purported,  and  not 
unreasonable  to  expect,  that  the  lower  flame  temperature  should  lead  to  increased 
barrel  life  and  perhaps  reduced  muzzle  flash  and  blast.  Alternatively,  a  larger 
possible  charge  mass  of  the  existing  formulation  may  allow  performance  increases 
in  an  otherwise  volume-limited  gun  system.  With  such  worthwhile  benefits  in  the 
offing,  exploitation  of  the  stick  propellant  concept  certainly  appears  well- 
motivated. 

Approved  for  public  release;  distribution  unlimited 
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In  this  paper,  we  wish  to  raise  concern  in  respect  to  one  of  these  potential 
benefits  -  that  of  increased  tube  life  with  stick  propellant  charges.  Under  the 
assumption  that  heat  transfer  to  the  tube  wall  is  the  dominant  mechanism  for  gun 
barrel  erosion,  the  use  of  cooler  propellant  made  possible  by  the  higher  packing 
density  of  propellant  sticks  has  been  deemed  adequate  to  assure  a  reduction  in 
barrel  wear.  However,  an  interior  ballistic  analysis  scheme  devised  by  Nordheim^ 
during  World  War  ll  purports  heat  transfer  to  the  tube  at  the  origin  of  rifling 
to  be  strongly  affected  by  the  distribution  of  burning  propellant  grains  in  the 
gun  tube.  According  to  this  picture,  heat  transfer  would  be  the  greatest  when 
the  burning  propellant  remained  in  the  chamber;  the  least  when  the  propellant  was 
uniformly  distributed  throughout  the  gun.  Thus,  the  very  feature  of  stick 
propellant  which  reduces  pressure  waves  should  also  reduce  motion  of  the  solid 
phase  considerably,  leading  to  increased  heat  transfer  to  the  tube  and  perhaps 
increased  erosion  rates  as  well. 

Indeed,  recent  calculations^  based  on  Nordheim's  hypothesis  yielded  an  18% 
higher  heat  input  for  a  stick  propellant  charge  assumed  to  remain  in  the  chamber 
when  compared  to  a  granular  propellant  distributed  throughout  the  gun.  These 
calculations  were  performed  using  ballistically-equivalent  candidate  stick 
(XM208)  and  granular  (XM203E2)  propellant  charge  configurations  for  the  US  155- 
mm.  Ml 98  Towed  Howitzer.  The  same  study  reports  limited  experimental  measure¬ 
ments  of  heat  transfer  for  the  two  charges  (without  wear-reducing  additives)  to 
differ  by  13%,  the  stick  propellant  charge  again  yielding  the  larger  value.  In 
fact,  based  on  Nordheim*s  analysis,  the  flame  temperature  for  a  ballistically- 
equi valent  stick  propellant  charge  must  be  reduced  by  300  K  to  obtain  comparable 
heat  transfer  to  that  of  the  granular  propellant,  top-zone,  155-mm  howitzer 
charge.  While  Nordheim's  analysis  is  admittedly  crude  and  confirmatory  experi¬ 
mental  data  sparse,  further  study  of  this  problem  appeared  warranted  in  view  of 
the  major  commitment  to  stick  propellant  under  consideration  by  the  US  Army. 

THEORY 

4 

Calculations  reported  in  this  paper  were  performed  using  the  NOVA  code  ,  a 
two-phase,  unsteady  flow  representation  of  the  interior  ballistic  cycle.  The 
balance  equations  describe  the  evolution  of  macroscopic  flow  properties 
accompanying  changes  in  mass,  momentum,  and  energy  arising  out  of  interactions 
associated  with  combustion,  interphase  drag,  and  heat  transfer.  Functioning  of 
the  igniter  is  included  by  specifying  a  predetermined  mass  injection  rate  as  a 
function  of  position  and  time.  Flamespreading  then  follows  from  axial  convec¬ 
tion,  with  grain  surface  temperature  deduced  from  a  heat  transfer  correlation  and 
the  unsteady  heat  conduction  equation,  and  ignition  based  on  a  surface  tempera¬ 
ture  criterion.  Noteworthy  features  of  NOVA  pertinent  to  this  study  include 
mechanisms  leading  to  motion  of  the  solid  phase  (explicit  description  of  igniter 
functioning,  interphase  drag  forces,  the  gas  pressure  gradient,  and  intergranular 
stresses)  and  the  processes  of  heat  transfer  to  and  conduction  in  the  tube  wall. 

While  the  code  remained  unchanged  except  for  input  data  for  granular  and 
stick  propellant  charge  calculations,  differences  do  exist  in  the  forms  of 
correlations  employed  within  the  code  to  relate  those  microprocesses  responsible 
for  interphase  drag  and  intergranular  stresses  for  the  two  propellant  geometries 
to  the  overall  governing  equations  for  macroscopic  flow  in  the  gun.  Reference  is 
made  to  the  empirical,  steady-state  correlations  of  Ergun^  and  Andersson^  for 
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resistance  to  flow  through  fixed  and  fluidized  beds  of  granular  propellant,  while 
drag  is  deduced  from  heat  transfer  by  means  of  a  Reynolds  analogy  for  stick 
propellant,  where  it  is  expected  to  be  dominated  by  the  boundary  layer.  Similar¬ 
ly,  intergranular  stress  in  a  granular  propellant  bed  is  described  as  being  an 
irreversible  function  of  bed  porosity,  while  a  stick  propellant  bundle  is  treated 
as  being  elastic  and  capable  of  sustaining  tension  as  well  as  compression.  In 
both  cases,  individual  grains /sticks  are  assumed  incompressible. 

Convective  heat  transfer  to  the  tube  is  calculated  using  a  simple  turbulent 
pipe  flow  correlation^  based  on  a  hydraulic  Reynolds  number  to  account  for  the 
presence  of  the  solid  phase: 


where 


q  =  h  (T  -  T  ) 
^  g  s 


f  r  0.8  0.4 

h  =  —  [0.023  Re^  Pr 

h 


] 


%  =  v^f 


Dh  =  2eR  /[l  +  2R^|^] 

P 

The  local  temperature  at  the  inside  surface  of  the  tube  is  then  determined,  as 
driven  by  the  convective  boundary  condition,  using  an  approximate  cubic  profile 
integral  solution  to  the  one-dimensional  heat  conduction  equation.  This  approxi¬ 
mation  has  been  previously  shown®  to  produce  a  2%  error  in  predicted  temperature 
change  for  a  constant  heat  flux  and  6%  for  a  linearly  increasing  flux. 

Results  presented  are  not  to  be  interpreted  as  firm,  quantitative  predic¬ 
tions  of  wall  temperature.  Certainly  such  confidence  awaits  a  considerably  more 
detailed  representation  of  the  microprocesses  occurring  in  the  chemically¬ 
reacting,  unsteady  (and  perhaps  multiphase)  boundary  layer,  as  well  as  processes 
occurring  on  the  bore  surface  itself.  Nevertheless,  the  NOVA  code  provides  a 
phenomenologically  much  more  complete  picture  of  the  interplay  of  charge  motion 
and  heat  transfer  than  does  Nordheim's  procedure,  and  quantitative  trends 
revealed  during  this  study  may  warrant  consideration  by  the  charge  design 
community. 


RESULTS 

Figure  1  presents  bore-surface  temperature  histories  at  the  origin  of 
rifling  calculated  for  ballistically-equi valent,  top-zone,  granular  (M203)  and 
stick  (XM208)  propellant  charges  for  the  l55-mm.  Ml 98  Howitzer.  The  M203  c  arge 
employs  a  conventional  seven-perforation  granulation,  while  the  XM208  made  use  of 
charge-length,  slotted,  single-perforation  sticks.  Both  charges  employ  the  same 
M30A1  propellant  formulation,  yet  significantly  higher  wall  temperatures  are 
predicted  for  the  stick  propellant  charge.  Loci  of  maximum  wall  temperatures  as 
a  function  of  axial  position  for  the  two  charges  are  displayed  in  Figure  ,  again 
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Figure  1  •  Predicted  Bore-Surface  Temperature  Histories 
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indicating  a  more  severe  heating  environment  associated  with  the  stick 
propellant. 

If  Nordheim's  hypothesis  is  correct,  the  mechanism  for  this  difference 
should  involve  a  difference  in  the  motion  and  distribution  of  the  burning  propel¬ 
lant,  an  integral  part  of  the  two-phase  flow  dynamics  described  by  NOVA,  Figure 
3  depicts  the  distribution  of  solid  propellant  at  various  times  during  the 
interior  ballistic  cycle  for  the  two  propellant  configurations.  The  granular 
propellant,  indeed,  becomes  more  widely  dispersed  in  the  gun  tube  during  much  of 
the  combustion  phase,  resulting  in  a  significant  portion  of  the  total  charge 
burning  ahead  of  the  origin  of  rifling  and  hence  not  contributing  to  its 
erosion,  virtually  all  of  the  stick  propellant,  however,  is  predicted  to  remain 
in  the  chamber  during  the  combustion  cycle.  While  these  distributions  do  not 
mimic  precisely  the  limiting-case  assumptions  of  Nordheim,  the  data  of  Figure  3 
clearly  identify  the  difference  in  granular  and  stick  propellant  motion  as  an 
important  factor  in  barrel  heating  and  perhaps  erosion, 

A  logical  extension  to  Nordheim's  hypothesis  might  include  the  role  of  gas 
velocities  in  the  heat  transfer  process.  Figure  4  depicts  gas  velocities  for  the 
two  charges  at  the  moments  of  their  respective  maxima  at  the  origin  of  rifling* 
While  it  must  be  cautioned  that  these  figures  represent  core-flow  velocities,  we 
note  again  that  the  lowered  resistance  to  flow  offered  by  the  stick  propellant 
charge  leads  to  a  condition  which  exacerbates  heat  transfer  to  the  tube. 

To  confirm  this  effect,  an  additional  calculation  was  performed  employing 
the  granular  propellant  configuration,  this  time  with  the  interphase-drag  fric¬ 
tion  factor  reduced  to  a  value  corresponding  to  stick  propellant^ ,  As  expected, 
propellant  motion  was  substantially  less  than  that  predicted  for  the  unmodified 
granular  propellant  (also  shown  in  Figure  3);  further,  the  predicted  maximum 
bore-surface  temperature  rose  to  nearly  1500  K, 

Finally,  we  recognize  the  compensating  effect  associated  with  the  use  of  a 
cooler  propellant  (i,e,  lower  flame  temperature)  made  possible  by  the  higher 
loadable  charge  weights  of  bundles  of  sticks.  Specifically,  the  M203  Product 
improvement  program  (PIP)  calls  for  replacement  of  M30A1  granular  propellant  with 
M31E1  stick  propellant.  However,  based  on  computed  results  for  this  propellant 
formulation,  also  shown  in  Figure  1 ,  the  accompanying  decrease  in  flame  tempera¬ 
ture  of  approximately  400  K  falls  somewhat  short  of  totally  compensating  for  the 
increase  in  bore-surface  temperature  at  the  origin  of  rifling  associated  with  the 
stick  geometry.  Desired  gains  in  cannon  wear  life  will  have  to  result  from  other 
features  of  the  new  propelling  charge, 

CONCLUDING  REMARKS 

A  phenomenologically  reasonable  hypothesis  has  been  presented  that  suggests 
that  stick  propellant  geometries  may  be  inherently  more  erosive  based  on  hydro- 
dynamic  considerations  alone.  Calculations  employing  the  NOVA  code  substantiate 
earlier  predictions  to  this  effect  based  on  the  simple  analysis  of  Nordheim, 

While  quantitative  predictions  of  bore-surface  temperature  provided  by  the 
current  analysis  must  be  viewed  with  some  uncertainty,  we  have  no  justification 
for  rejecting  the  basic  message  that  stick  propellant  erosivity  may  not  equate 
with  granular  propellant  erosivity.  Planned  commitments  to  stick  propellant 
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charges  warrant  immediate  experimental  investigation  of 

coincidental  use  of  a  rigid,  combustible  cartridge  case  (with  or  without  addi 
tives)  may  well  help  to  provide  the  substantial  improvement  in  wear  life  over 
aoZLZLl  bagged"  granular  propellant  charges  as 

ience.  Further,  the  use  of  several  tiers  of  shorter  sticks  teing  considered  to 
facilitate  propellant  manufacture  and  blending  may  also  be  shown  o  promo 
distribution  of  the  burning  propellant  throughout  the  gun  tube.  If  ^ 

accomplished  without  the  return  of  undesirable  pressure  waves,  the  problem  of 
excessive  heat  transfer,  if  real,  may  be  eliminated. 
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nomenclature 


particle  diameter 
hydraulic  diameter 

h  convective  heat  transfer  coefficient 
k£  thermal  conductivity  of  gas  at  film  temperature 
pr  prandtl  number 
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q  heat  transfer  rate 
tube  radius 
Re^  Reynolds  number 
Tg  gas  temperature  in  core  flow 
Tc,  bore-surface  temperature 

O 

u  gas  velocity  in  core  flow 
e  macroscopic  bed  (or  bundle)  porosity 
viscosity  at  film  temperature 
density  at  film  temperature 


Uf  gas 
gas 
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USA  Ballistic  Research  Laboratory 
Aberdeen  Proving  Ground,  MD 


ABSTRACT 


During  the  second  World  War,  Nordheim  and  co-workers  at  Duke  University  derived 
an  interior  ballistic  scheme  to  compute  heat  transfer  to  gun  barrels.  Nordheim 
claimed  that  the  distribution  of  unburned  propellant  affected  heat  transfer  at  the 
commencement  of  rifling  (CR)  region.  Heat  transfer  was  greatest  if  the  unburned 
pronellant  stayed  in  the  chamber,  while  the  heat  transfer  was  least  if  the 
Uopellant  were  evenly  distributed.  Stick  propellant  should  remain  in  the  chamber 
in  contrast  to  granular  propellant,  so  stick  propellant  should  be  more  erosive. 


This  article  summarizes  experimental  data  on  155-ram  zone  8S  propelling  charges 
which  affirm  Nordheim' s  hypothesis.  Heat  inputs  were  measured  in  separate 
laboratories  with  the  XM208  (stick  M30A1  propellant)  and  the  XM203E2  sharps 
(granular  TilOAl  propellant)  as  well  as  a  zone  8S  charge  for  the  FH70  which  has  stick 
cordite  N  propellant.  The  heat  input  measurements  made  without  additives  show  the 
XM208  charge  has  a  higher  heat  input  than  the  XM203E2  charge  with  the  difference 
diminishing  as  one  goes  down  the  barrel  in  accord  with  Nordheim' s  prediction. 


The  experimental  measurements  also  claimed  that  the  cartridge  3  charge  in  the 
FH70  which  is  ballistically  matched  to  the  zone  8S  charge  gave  higher  heat  input. 

The  cartridge  3  charge  tested  used  stick  cordite  N  and  a  polyurethane  foam  liner. 
Wear  test  data  for  the  FH70  was  culled  and  by  using  intervals  where  only  cartridge  3 
charges  were  fired  and  the  same  axial  downbore  distance  relative  to  the  CR,  it  was 
shown  that  the  cartridge  3  charge  was  more  erosive  than  the  M203  and  M30A1 
propellant  and  a  Ti02-wax  liner,  despite  the  500K  lower  flame  temperature  of 
cordite  N. 


An  important  corailary  in  this  comparison  was  the  demonstration  that  wear  in 
the  155-mra  cannons  (M199  and  M185)  was  unaffected  by  the  different  forcing  cone 
design. 


INTRODUCTION 

An  extensive  investigation  of  gun  barrel  wear  in  hypervelocity  guns  was 
sponsored  by  the  National  Defense  Research  Committee  during  World  War  II  .  A  Rey 
problem  was  how„to  compute  heat  transfer  to  gun  barrels.  Nordheim  and  co-workers  a 
Duke  University^  devised  an  interior  ballistics  scheme  to  compute  heat  flux  from 
combustion  gases  using  Reynolds’  analogy  between  energy  and  momentum  transfer  for 
the  convective  heat  transfer  coefficient. 

Nordheim  observed  that  the  assumption  as  to  the  distribution  of  unburned  powder 
significantly  changed  heat  transfer.  The  heat  transfer  at  the  commencement  of 
rifling  was  least  when  the  propellant  was  evenly  distributed  behind  the  projectile, 
the  heat  transfer  was  greatest  when  the  unburned  propellant  remained  in  t^  chamber, 
since  all  the  combustion  gases  had  to  pass  the  commencement  of  rifling.  The 
difference  in  heat  transfer  diminished  down  the  barrel  to  the  point  where  ® 

propellant  was  consumed.  Nordheim  provided  results  for  both  assumptions;  he  teit 
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the  short,  granular  propellants  conformed  to  the  assumption  of  evenly  distributed 
grains* 

Nordheim's  work  implied  that  propellant  charges  made  with  stick  propellants 
would  be  more  erosive  than  propelling  charges  with  equivalent  interior  ballistics 
made  with  granular  propellants,  since  the  unburned  stick  propellant  would  remain  in 
the  chamber* 

During  the  course  of  investigations  to  discern  the  unusual  wear  produced  by  the 
155-nim  XM201E2  charge,  heat  transfer  and  erosion  sensor  measurements  were  done  with 
a  series  of  155-mra  propelling  charges  in  which  the  wear-reducing  additives  were 
removed*^ Among  the  charges  tested  was  a  stick  propellant  version,  XM208,  of  the 
XM203E2  charge  with  granular  propellant*  Since  heat  transfer  data  had  been 
collected  in  separate  laboratories,  and  the  use  of  the  heat  transfer  technique  and 
erosion  sensors  was  in  its  infancy,  the  larger  wear  and  heat  input  for  the  XM208 
charge  stirred  little  interest*  In  this  report,  the  heat  input  and  wear  data  are 
collected,  placed  on  a  common  basis,  and  compared  to  see  if  the  stick  propellant  is 
more  erosive*  In  addition,  the  prediction  from  the  heat  input  measurements  that  the 
cartridge  3  charge  for  the  FH70  is  more  erosive  than  the  M203  charge  is  tested  by 
comparing  wear  data  from  the  FH70  with  wear  from  the  M199  cannon  with  the  M203 
charge. 


HEAT  TRANSFER  DATA 

Table  I  lists  characteristics  of  the  XM203E2  charge  and  two  stick  propellant 
analogs,  the  XM208  and  the  FH70  cartridge  3* 

Calspan  Corporation  measured  total  heat  input  at  three  axial  locations  on  the 
M185  barrel  with  thermocouples  imbedded  in  the  barrel  wall.  The  thermocouples  were 
placed  so  they  were  directly  over  a  groove*  One  thermocouple  was  placed  forward  of 
the  commencement  of  rifling  where  remaining  tube  life  is  estimated  from  the  bore 
enlargement  * ^  Another  thermocouple  was  mounted  one— third  the  distance  between  the 
commencement  of  rifling  and  the  muzzle,  while  the  third  thermocouple  was  mounted  at 
the  muzzle*  Bore  surface  temperatures  at  the  commencement  of  rifling  were  computed 
from  the  total  heat  input  and  interior  ballistic  trajectories.  At  BRL,  the  total 
heat  input  was  measured  at  the  commencement  of  rifling  with  four  thermocouples 
imbedded  at  different  distances  from  the  bore  surface.  In  order  to  obtain 
equivalent  units  of  energy  per  unit  area,  the  BRL  measurements  are  divided  by  the 
bore  perimeter  (613*7mm). 

Table  II  summarizes  which  zone  8S  charges  were  tested.  Tlie  goal  of  the  tests 
was  to  reduce  the  wear  of  the  XM201E2  charge,  so  no  systematic  testing  of  zone  8S 
charges  was  planned. 

Table  III  summarizes  the  results  obtained  by  Calspan  with  the  zone  8S 
charges.  The  BRL  results  are  summarized  in  Table  IV. 

One  should  note  first  that  the  Calspan  and  BRL  data  for  the  XM203E2  charge 
cannot  be  co'iipared  tllrectly  since  the  BRL  heat  input  represents  heat  input  with  a 
"clean-out**  round  after  each  shot*  The  Calspan  heat  input  is  the  average  of  five 
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TABLE  1.  CHARACTERISTICS  OF  155-MM  ZONE  8S  CHARGES  EVALUATED 


rH 

Q) 

> 

0)  CO 
r— f 

N  B 

N 


oJ  cd 
U  PL4 

<u  SI 

'S  ■ 

B 

cd  0) 
^  u 

a  13 
CO 

M  w 
cd  <v 
Q)  U 


bO^ 
a>  ^ 
bO  , 
u  -I 
cd  CO 
x:  CO 
O  « 


B  -[ 

rH  B 

<u 

H 


^1 


M 


O 

CO 

00 


00 


00 


ro 


O 

o 

o 

CO 


M 

CD 

P. 

I 


o 


o 

o 

o 

fO 


a 

•H 

4J 

c/3 


m 

• 

CO 

r~l 

00 


00 

00 

vO 

r— 1 

o 

CO 

CO 

CO 

CO 

CNI 


o 

r*- 

•<r 

*K 

CM 


O 

•H 

4-> 

CO 


a> 

u 


<J 

O  U 

CO  O 

S  O 


a> 

P 

p 

rC 

0) 

X 

4-> 

> 

1  P 

P 

0) 

•H 

:? 

1 

u 

p 

4J 

•H 

CM 

1 

CM 

X.  e 

O 

O 

I— f  p 

•H 

•H 

o  o 

H 

H 

p.  ^ 

d) 

CM 

W 

o; 

bO 

Td 

•H 

bO 

CO 

00 

V4 

M 

o 

o 

4J 

P 

CM 

CM 

M  CO 

42 

O 

§ 

§ 

P 

O 

CO 

(U 


4J 

CJ 

<u 

•ro 

O 

M 


O' 

lO 

S 

ncJ 

(U 

cd 

o 

r-l 

I 

u 

0) 

d 


I 

cd 


w 

Pr4 

CO 

s 

H 

w 

PC 

o 

pl4 

Q 

Ci3 

vJ 

<3 

> 

W 

CO 

w 

CL> 

CO 

00 

w 

s 

o 

N 


W 


pc} 

PP 


XJ  X 


I  1 


P 

cd 

P. 

CO 

rH 

Cd 

CJ 


0) 

> 

•H 

4-) 

•H 

5 


XI  XXX  I 


% 

o 

CD 

c 

cd 

S 

4-1 

<u 

u 

p 

X 


cd 


§ 

I 


CM 

P 

CM 

P 

O 

P 

O 

P 

•r^ 

O 

•H 

O 

H 

2: 

H 

s 

o 

PM 


(U 

p 

o 

;z; 


0) 

cd 

rC 

b0| 

P 


0.1 

O 

P 

P.' 


CM 

CM 

W 

CO 

CO 

00 

00 

o 

o 

o 

o 

CM 

CM 

CM 

CM 

CO  CO 

Q> 
bO 

•H 
M 
U 
M 
P 
O 


VI-491 


Cartridge 


TABLE  III.  CALSPAN  HEAT  INPUT  AND  WEAR  DATA  FOR  ZONE  8S  CHARGES^ 

O 

Heat  Input,  J/mm 


Charge 

No.  Shots 

1.006m 

2.108m 

6 i 007m 

XM203E2 

5 

1.119 

0.863 

0.673 

Cartridge  3 

5 

b 

.892 

.554 

XM208 

3 

b 

.971 

.610 

XM208 

(no  additive) 

2 

1.518 

1.106 

.666 

a  -  Axial  distances  measured  from  rear  face  of  tube  (RFT). 
b  -  Data  unavailable. 

TABLE 

IV.  HEAT  INPUTS 

FOR  XM203E2  CHARGE  MEASURED 

AT  BRL 

Charge 

Heat  Input ,  1 • 

006  JJT^ 

2 

j/mm 

XM203E2  (no  additive)  1.292 

XM203E2  1.144 


consecutive  XM203E2  shots.  In  order  to  see  how  well  heat  inputs  agree  between  the 
two  sets  of  measurements,  charges  without  wear-reducing  additives  are  compared  in 
Table  V.  One  sees  the  Calspan  measurements  are  3%  greater.  Using  1.034  as  a 
correction  factor,  the  BRL  heat  inputs  corrected  to  be  consistent  with  Calspan  are 
1.336  J/mm^  and  1.183  J/mm^  for  the  XM203E2  charge  minus  its  additive  and  XM203E2 
charge,  single-shot  respectively. 


TABLE  V.  HEAT  INPUTS  MEASURED  BY  BOTH  CALSPAN  AND  BRL 


2 

Heat  Input  >  J/mm 


Charge 

Calspan 

BRL 

Ratio,  Calspan,  BRL 

M119 

1.138 

1.103 

1.032 

XM119E4  (minus  liner) 

1.290 

1.245 

1.036 

Figure  1  summarizes 

the  heat  Inputs 

from  Table 

III  and  the  modified  BRL  heat 

inputs.  laterpretation  of  some  of  the  data  is  confounded  by  the  wear-reducing 
additives  and  missing  values  in  the  commencement  of  rifling  region.  Nonetheless, 
one  sees  that  the  XM208  charge  produces  greater  heat  input  than  the  XM203E2  even 
when  the  wear-reducing  additive  is  taken  from  both  charges.  The  difference  between 
the  stick  and  granular  propellant  decreases  downtube  as  expected  from  Nordheim’s 
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DISTANCE,  m.  RFT 


Figure  1.  Heat  Input  V£  Axial  Distance  for  Zone  8S  Charges 

hypothesis  that  the  distribution  of  unburned  propellant  accounts  for  the  greater 
heat  input  near  the  commencement  of  rifling.  At  the  muzzle  the  cartridge  3  charge 
with  cordite  N  has  the  smallest  heat  input.  The  trend  from  the  muzzle  to  2.108m 
RFT,  suggests  the  stick  cordite  N  propellant  is  more  erosive  than  the  granular  M30 
propellant  at  the  commencement  of  rifling, 

WEAR  FROM  CARTRIDGE  3  CHARGE 

g 

In  order  to  corroborate  wear  predictions  from  the  heat  input  data,  wear  data 
from  the  cartridge  3  charge  in  the  FH70  will  be  compared  to  that  for  the  XM203E2 
charge. 

One  area  leading  to  confusion  when  discussing  gun  wear  is  the  way  tube  life  is 
determined  on  either  side  of  the  Atlantic.  The  monitors  are  located  in  the  lands  in 
both  cases,  however,  their  axial  positions  in  the  gun  tube  vary.  The  US  positions 
sensors  one-quarter  inch  (6.4  mm)  from  the  commencement  of  rifling.  The  Europeans 
monitor  gun  wear  at  one  inch  (25.4  mm)  from  the  CR.  This  report  attempts  to  compare 
wear  from  the  cartridge  3  and  XM203E2  charges  at  a  common  distance  from  the  CR. 
Comparisons  are  made  for  intervals  where  no  lower  zone  charges  were  fired. 

Central  to  this  comparison  is  the  assumption  that  the  different  chamber  designs 
in  the  155-rara  cannons  do  not  affect  wear.  It  has  been  assumed  that  a  steeper 
forcing  cone  fosters  wear.  This  assumption  has  never  been  tested,  since  any  change 
in  the  slope  of  the  forcing  cone  alters  the  interior  ballistic  cycle  such  that 
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differences  in  wear  could  be  attributed  to  changes  in  chamber  pressure  or  muzzle 
velocity.  To  isolate  the  role  of  the  forcing  cone,  one  needs  to  compare  guns  with 
equal  chamber  volumes,  so  that  the  interior  ballistic  cycle  (pressure-time,, 
velocity-time  carves)  are  identical. 

Over  the  course  of  development  of  a  new  155--mra  towed  howitzer,  the  Army  tested 
two  version  with  different  forcing  cone  slopes,  but  with  equivalent  interior 
ballistics.  A  review  of  the  test  data  showed  that  one  experimental  version  of  a 
zone  8  charge  had  been  fired  in  sufficient  numbers  in  each  cannon^,  so  that  one  can 
see  whether  the  forcing  cone  affects  wear. 

Table  VI  lists  pertinent  gun  dimensions  taken  from  engineering  drawings 
supplied  by  Watervliet  Arsenal.  The  CR  is  the  point  where  the  lands  first  reach 
full  height  beyond  which  the  cannons  are  identical.  The  forcing  cone  is  the  region 
between  the  chamber  and  the  CR,  one  can  see  that  the  forcing  cone  is  twice  as  steep 
in  the  M183.  Since  axial  distances  downbore  are  measured  relative  to  the  RFT,  wear 
should  be  compared  relative  to  the  CR  to  compensate  for  differences  in  the  chamber 
and  forcing  cone.  In  this  article,  wear  will  be  reported  at  0.25  inches  (6.4  mm) 
from  the  CR. 


TABLE  VI.  GUN  DIMENSION  FOR  M185  AND  M199  HOWITZERS 


Cannon 

Chamber 
Length,  mm 

Forcing  Cone 
Region,  mm 

Diametral 
Taper,  mm 

Comnencement  of 
Rifling,  mm* 

M185 

923.5 

76 

0.203 

990.5 

M199 

995.5 

59 

0.101 

1054.1 

*Distance  measured  from  the  rear  face  of  the  tube  (RFT). 

Table  VII  lists  the  wear  data  for  the  M199  cannon  (shallow  forcing  cone)  in 
which  208  low-velocity  rounds  were  fired  prior  to  the  test  with  the  XM201E5 
charges.  The  wear  vs  rounds  fired  was  fit  with  a  linear,  least-squares  program 
which  cO’Uputed  best-fit  values  of  the  slope  and  intercept  as  well  as  the  wear  with 
these  best  fit  values.  The  slope  for  the  Ml 99  cannon  was  1.4  y /round;  the  wear 
computed  with  the  best-fit  values  for  the  slope  and  intercept  are  also  listed  in 
Table  VII.  The  agreement  between  the  measured  and  computed  wear  shows  that  the  wear 
vs  rounds  fired  was  linear  over  this  interval. 

Table  VIII  lists  similar  wear  data  for  the  M185  cannon  (steep  forcing  cone)  in 
which  1,050  XM201E5  charges  were  fired  after  proofing.  The  slope  computed  with  the 
linear,  least-squares  program  was  1.5  y/round  suggesting  that  the  forcing  cone  slope 
did  not  affect  wear.  This  assertion  is  strengthened  by  considering  tube  to  tube 
variation  in  wear.  Table  IK  lists  wear  for  three  105-min  M68  cannons  firing  M456AI 
HEAT  rounds which  suggests  that  a  difference  in  wear  of  0.1  y /round  is  not 
significant . 
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TABLE  VII.  WEAR  OF  M199  CANNON  SN74  FIRING  M107  PROJECTILES 

WITH  THE  XM201E5  CHARGE 


Tube  Round  No • 

Test  Round  No* 

Wear,  mils  (ram)* 

Wear,  Gal'd,  Mils 

208 

___ 

3  (0.08) 

3  (0.08) 

308 

100 

8  (  .20) 

8  (  .20) 

408 

200 

13  (  .33) 

13  (  .33) 

508 

300 

19  (  .48) 

19  (  .48) 

608 

400 

23  (  .58) 

24  (  .61) 

708 

500 

28  (  .71) 

29  (  .74) 

808 

600 

36  (  .91) 

35  (  .89) 

*Vertical  land  wear  measured  at  1,060  mm  RFT  with  a  stargauge.  Zero  wear 
corresponds  to  155.00  mm  (6.100  inches). 

TABLE  VIII.  WEAR  OF  M185  CANNON  SN22684  FIRING  M107  PROJECTILES  AT  ZONE  8 

WITH  THE  XM201E5  CHARGE 


Tube  Round  No. 

Test  Round  No. 

Wear,  mils  (mm)* 

Wear.  Cal'd,  mils 

1 

4  (0.10) 

4  (0.10) 

41 

40 

6  (  .15) 

6  (  .15) 

151 

150 

11  (  .28) 

13  (  .33) 

261 

260 

17  (  .43) 

19  (  .48) 

371 

370 

28  (  .71) 

25  (  .64) 

481 

480 

34  (  .86) 

32  (  .81) 

601 

600 

39  (  .99) 

39  (  .99) 

751 

750 

49  (1.24) 

48  (1.22) 

901 

900 

54  (1.37) 

56  (1.42) 

1051 

1050 

65  (1.65) 

65  (1.65) 

WeTti^iTTi^irdra’i^f "measured "at  1,006  mm  RFT,  measured  with  a  pullover  gauge. 
Zero  corresponds  to  155.00  mm  (6.100  inches). 
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TABLE  IX.  105-MM  M68  GUN  WEAR  FIRING  HIGH-EXPLOSIVE  ANTI-TANK  ROUNDS 


SN 

Rounds  Fired 

Wear,  mm 

Wear /Round,  p 

3864 

1,120 

1.77 

1.6 

4360 

1,952 

2.92 

1.5 

6600 

1,931 

2.92 

1.5 

Since  the  XM201E5  charge  has  a  Ti02-wax  liner,  these  results  with  the  Ml 85  and 
M199  cannons  suggest  that  the  forcing  cone  slope  did  not  affect  the  action  of  the 
wear-reducing  additive.  These  results  may  be  of  interest  as  a  test  case  for  those 
modeling  boundary  layer  flow  in  guns  with  the  aim  of  understanding  how  additives 
such  as  Ti02*wax  reduce  wear^^»^  . 

In  order  to  estimate  wear  from  the  cartridge  3  charge  with  the  FH70,  inspection 
sheets  from  reference  8  were  collected  for  intervals  when  only  zone  8S  (cartridge  3) 
charges  were  fired.  Wear  data  for  the  XM203E2  charge  will  be  taken  from  the  Ml 99 
wear  test  at  Yuma  Proving  Ground. 

To  compensate  for  differences  in  chamber  design,  wear  between  the  two  cannons, 
FH70  and  M199,  will  be  compared  at  points  equidistant  from  the  CR.  The  CR  for  each 
cannon  measured  from  RFT  is  listed  below. 


FH7Q  M199 

CR,  mm,  RFT  994.8  1054.1 

CR,  in,  RFT  39.16  41.50 

Table  X  compares  entries  on  each  inspection  sheet  relative  to  the  respective  CR 
to  see  which  entries,  if  any,  are  common  to  both  cannons. 

TABLE  X.  INSPECTION  SHEET  ENTRIES  ADJUSTED  TO  CR 


FH70  M199 


Distance  RFT,  mm 

Distance,  CR,  mm 

Distance,  RFT,  mm 

Distance 

996 

1.2 

1056.6 

2.5 

1006 

11.2 

1060.4 

6.4 

1016 

21.2 

1066.8 

12.7 

1020.2 

25.4 

1092.2 

38.1 

One  sees  that  no  entries  are  identical,  but  two  positions  (996-1056.6  and 
1006-1066.8)  are  within  two  millimeters  of  each  other. 

In  addition  to  matching  distances  from  the  CR,  one  needs  to  compare  wear  from 
the  same  starting  diameter,  since  wear/ round  is  not  linear  past  a  certain  barrel 
diameter  as  illustrated  in  Figure  2  for  the  Ml 99  cannon  firing  XM203E2  charges.  For 
this  reason,  wear  data  from  the  M199  cannon  starting  with  tube  round  number  521  will 
be  the  starting  point  for  comparing  wear  between  the  two  cannons. 
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.aUes  XX  ana  XXX  caUee^pextinant  r»xr;e%33HiH”-“  ^ 
caations  from  which  ^^latx  M199  wear  firing  the 

rxretxnrirfX-:  ro-rirr  pSUx.  x..  x.  ..  xnp. 

Xti203E2  charges  whxch  seems 

lae^sureraeuts  •  - i-he  M203  c  a 


\Y.2  cnar^*r^^ 

„ea,uren«nts.  ^^03X2  and  the  ^03  ^^^arse 

sn  fax  no  -'tattactto"  ‘hatnj  Xeft  Xn  x.,a 

regarding  «ear.  ®e  >120  "'"‘■f "i';;rXtvaXent  foe  the  t«o  charged 

point  “n4""cafa.«n  l«at  input  .easure.ents  uere  adx 
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TABLE  XI.  VERTICAL  LAND  DIAMETERS  FOR  FH70  (996  MM  RFT)  AND  M199  (1057  MM  RFT) 
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Wear  measured  2.5  mm  from  CR. 

Excluding  Zone  7  M4A2  charges  fired  for  precision. 


WEAR, 


3 


Figure  3. 


wear  vs  Zone  8S  Rounds  for  FH70 
(1057  Tiim  RFT)  Cannons 


(996  mm  RFT) 


and  M199 
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3 


0  1  2  ■  3 

ROUNDS  FIRED,  xio*^ 

Figure  4.  Wear  vs  Zone  8S  Rounds  for  FH70  (1006  mm  RFT)  and  M199 
(1067  mm  RFT)  Cannons 
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^oKlv  15  Recently,  a  wear  test 
not  change  the  wear  appreciaUy.  ^^^iiable.l^  Table 

tmplytog  the  charges  fM  which  data  at  f ^|o3E2  charge.  Figure  3 

„as  fired  with  the  M203  tW  t”  M203  and  M203E2  wear 

srorwrari  *3  rounds  fired  which  suggests 

tL  I«99  cannon  equally.  transfer  data  by  Calspan, 

above  analysis  of  wear  data  cotro^«jes^ J  ^rcforthe'f lo-  "t^ls^' 

-t:"eiorivrsrn'rr:nS«  rrrJi"u:ed  t^e  «tr:h::ed 

ronteutlon  was  given  “"T/'thr^Ol  and  ».208  f «f,:;,3rinTontrast  to 

compare  the  interior  I’aUistic^  propellant  remains  in  the  cn  ^ile.  Peak 

that  most  of  the  is  evenly  charge  Ls  300K  higher  than 

the  granular  propella  region  for  the  XM  ^ick  M31E1  propellant,  i 

^.:;/snrface  te^nperature  ie  ^  ,  feature  of  tL  s'tick  charge  was 

t,«  M203  the J.  *  taWat^^^^  ftf  tre'TedfcUon  of  900K  In  flaue 

ftlU  "b'lghrthrthe  rtFir4:iuurirpfa:e  of  «30M  propellant. 

r3.t liTTB 

CONCLUSIONS 

n  A  BRL  s Viows  t Lb  1ib3  t 

l.  Examination  of  h^at  transfer^ata^tull^^^^^^^^^^^ 

rS/"!  additive  U  thu  — r-er  fer  stlch  propellant. 

’""""'I  rig  cartridge  3  charge  rtertre^rofltf  arr-3 j^rge 
P^nflMlysls  it''wean«rfroin’’thrFa70  and  heat  Input  measurements 

Calspan  Corp.  the  XN^OIE-^ 

in  the  155  mm  M185  and  >1199  ^^the  two  cannons  does  not 

3.  The  wear  tn  the  ^  ^^^jferent  forcing  cone  desig 
charge.  Hence,  the  dir 

affect  wear. 
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TABLE  XIII.  COMPARISON  OF  WEAR  BETWEEN  M203  AND  XM203E2  CHARGES 
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and  grain  geometry  combinations  of  propellant  in  the  inventory  at  that  time  and  the 
normal  primer  and  case.  The  instrumented  barrel  has  piezoelectric  gauge  ports  at 
the  cartridge  case  mouth  position,  ahead  of  the  projectile  rotating  band  to  measure 
forces  acting  on  the  projectile  during  its  travel  in  the  barrel,  and  six  inches 
aft  of  the  muzzle  to  obtain  muzzle  signature  pressure.  In  addition,  there  were  two 
piezoelectric  gauges  in  the  base  of  each  cartridge  case.  In  addition,  to  obtain 
data  on  8"/55  projectile  response  during  the  early-time  gun  environment,  four  in¬ 
strumented  8'755  projectiles  were  fired  as  part  of  the  test  program. 

Instrumentation  consisted  of  piezoelectric  pressure  gauges  and  accelerometers2 
mounted  in  the  projectile  base,  which  were  monitored  via  the  "hardwire"  technique. 
Velocity  was  measured  by  induction  coils.  All  propelling  charges  were  pre-condi¬ 
tioned  to  +90  +  3°F  which  is  Navy  baseline  temperature. 

An  extensive  review  was  undertaken  of  all  pressure-time  profiles,  the  analyses 
of  the  shock  spectra  results,  and  all  other  generated  data.  Consideration  of  all 
parameters  resulted  in  the  selection  of  the  6"/47  caliber  pyro  granulation/composi¬ 
tion  as  the  "best  available"  propellant  to  el iminate  the  pressure  wave  anomaly  in 
the  reduced  charge  assemblies  for  the  8'755  caliber  case  guns. 


DISCUSSION 

ORIGINAL  PROCEDURE.  Following  the  selection  of  the  6'747  propellant  for  the 
8'755  replacement  reduced  charge,  a  charge  assessment  was  conducted  in  accordance 
with  MIL-P-22314  as  summarized  below: 

a.  Two  guns  were  selected  having  a  known  difference  in  mean  muzzle  velocity 
of  about  50  f/s  (when  firing  the  master  propellant  for  the  reduced  charge)  and  which 
had  exhibited  no  unusual  velocity  performance. 

b.  The  propellants  used  in  ballistic  testing  for  determination  of  charge 
weight  were  preconditioned  at  90°F  for  at  least  seven  days  immediately  prior  to 
firing  and  were  maintained  at  a  temperature  as  close  as  possible  to  90°F  during 
charge  assembly,  transporation,  etc.,  prior  to  firing.  Projectiles  were  inert 
loaded  to  the  specified  weight  and  all  assembled  rounds  used  in  the  charge  assess¬ 
ment  contained  no  more  than  one  lot  number  of  any  single  component  such  as  case  or 
primer. 

c.  The  number  of  firing  days  (occasions)  equalled  the  number  of  guns  used  (in 
this  case  two  guns  =  two  firing  days). 

d.  For  the  particular  reduced  charge  in  question,  there  are  no  established 
velocity  and  pressure  vs  charge  weight  slopes.  The  firing  scheme  used  required 
that  on  each  occasion's  firing,  three  rounds  of  the  test  powder  be  fired  with 
charges  estimated  to  produce  approximatley  75%  of  the  intended  muzzle  velocity, 
three  appropriate  master  charges,  four  test  propellant  rounds  with  charges  estimated 
to  match  the  master  velocity  mean  within  20  f/s,  and  one  test  charge  estimated  to 
yield  a  velocity  exceeding  that  of  the  master  by  100  f/s. 

Since  a  pressure  differential  was  expected  between  the  master  propellant  and 
the  test  propellant,  the  master  and  test  groups  were  fired  in  sequence  rather  than 
in  matched  pairs  with  one  of  the  test  rounds  serving  as  a  conditioning  and  probing 
round.  Muzzle  velocity  and  maximum  breech  pressure  were  taken  with  induction  coils 
and  copper  crusher  gauges,  respectively. 
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Since  a  velocity-quickness  (i.e.,  a  propellant  effect  which  determines  rate  of 
velocity  loss  with  gun  erosion)  difference  exists,  a  least  squares  line  was  fitted 
to  the  velocity  vs  matching  charge  "of  the  occasion"  for  both  guns  to -obtain  a  "quick¬ 
ness  corrected"  assigned  charge.  This  fitted  curve  was  then  extrapolated  to  the 
"average  new  gun  condition",  i.e.,  zero  velocity  loss. 

The  results  of  this  powder  proof  together  with  the  results  of  a  validation 
firing  in  a  new  gun  are  shown  in  Figure  1  as  the  original  procedure.  The  quickness 
corrected  charge  clearly  did  not  give  the  performance  anticipated  in  a  new  gun. 
Verification  firing  of  the  assigned  charge  weight  in  a  new  gun  indicated  that  the 
desired  velocity  of  2220  f/s  was  not  obtained;  instead  a  velocity  of  2145  f/s  was 
realized.  Needless  to  say,  the  performance  illustrated  in  Figure  1  was  completely 
unacceptable. 

What  happened  that  could  have  caused  such  an  inaccurate  determination  of  an 
assigned  charge?  What  changes  must  be  made  to  the  firing  scheme  and/or  analyses 
procedures  in  order  to  determine  an  accurate  charge  which  would  produce  the  nominal 
new  gun  velocity  for  this  assembly  in  a  new  gun? 

First  things  first.  A  valid  charge  had  to  be  determined  so  it  could  be  loaded 
and  issued  to  the  Fleet. 

MODIFIED  PROCEDURE.  Following  the  validation  firing,  a  total  of  35  rounds  fired 
from  four  different  guns  in  three  different  states  of  wear  with  six  different  charge 
weights  was  available  for  analysis.  It  was  known  that  the  new  reduced  charge  pro¬ 
duces  a  pressure-time-travel  relationship  which  is  grossly  different  from  that  pro¬ 
duced  by  the  previous  8"/55  reduced  propelling  charge.  It  was  also  known  from  the 
powder  proof  conducted  in  accordance  vn'th  MIL-P-22314  that  the  new  reduced  charge 
would  exhibit  quite  different  velocity  loss  characteristics.  Since  all  previous 
propelling  charges  including  the  master  propellant  are  no  longer  service  acceptable 
because  of  the  ballistic  forcing  functions  generated  therein,  it  was  decided  that  no 
attempt  would  be  made  to  match  their  velocity  loss  characteristics  in  that  such  a 
match  can  be  achieved  at  only  one  point  in  the  wear  life  of  the  weapon. 

Based  upon  these  factors,  the  objective  assigned  to  the  interim  charge  assess¬ 
ment  method  was  that  for  all  individual  guns,  the  new  or  unworn  gun  muzzle  velocity 
should  be  2220  +10  f/s  with  8"  projectiles  weighing  260  pounds  at  the  assessed 
charge  weight. 

An  additional  firing  program  was  conducted  in  another  new  gun  to  avoid  extrapo¬ 
lation  to  "new  gun  condition."  The  program  consisted  of  firing  four  data  rounds 
at  the  previously  estimated  charge  and  four  data  rounds  at  a  charge  estimated  to 
produce  approximately  2230  f/s.  See  Figure  1  (Liner  S/N  1132.)  A  linear  least 
squares  relationship  was  calculated  for  the  velocity  vs  charge  weight  data  from  new 
guns.  Liners  S/Ns  1059  and  1132.  Using  this  relationship  (the  modified  procedure 
on  Figure  1),  it  was  determined  that  the  nominal  new  gun  velocity  of  2220  f/s  would 
require  a  charge  weight  of  52.03  lbs  of  6"/47  caliber  propellant  Lot  SPDN-8291 . 

The  propellant  lot  was  assembled  into  the  reduced  charge  assembly  and  issued  to  the 
Fleet.  There  have  been  no  problems  reported  to  date. 

COMPARATIVE  ERROR  ANALYSES.  The  failure  of  the  original  procedure  of  MIL-P- 
22314  to  produce  an  accurate  determination  of  the  charge  weight  of  SPDN-8291 


VI-508 


8"/ 55  CALIBER  GUN,  MARK  16  REDUCED  CHARGE 

VELOCITY  VS  CHARGE  WEIGHT 

MODIFIED  ORIGINAL 

PROCEDURE  PROCEDURE 


VI-509 


required  for  the  replacement  8"/55  reduced  charge  demands  explanation.  Similarly, 
the  modified  procedure  finally  used  to  assess  that  charge  must  be  shown  to  be  more 
significantly  accurate  to  justify  its  application.  An  analyses  was  therefore  under¬ 
taken  to  examine  the  sources  and  magnitude  of  error  in  each  procedure.  Standard 
statistical  techniques  were  employed  to  establish  confidence  means  and  slopes  where 
required.  These  techniques  are  documented  in  references  (3)  and  (4). 

The  "matched  powder"  method  of  propellant  proof  which  is  the  basis  of  the  pro¬ 
cedures  of  most  proof  methods  carries  within  it  the  implicit  assumption  that  the 
master  propellant  at  its  assessed  charge  weight  provides  nominal  new  gun  performance 
in  an  unworn  gun.  If  the  master  propellant  has  changed  in  performance  it  is  assumed 
that  all  service  propellants  have  also  changed  in  the  same  manner.  The  fallacy  in 
this  argument  is  that  the  master  propellant  must  be  check  fired  periodically  in  un¬ 
worn  guns  to  determine  its  performance  and  this  is  not  always  done.  The  effect  of 
an  undetected  change  in  master  propellant  performance  can  have  a  decisive  effect 
upon  the  assessed  charge  weight  for  the  test  propellant.  If  the  actual  velocity 
performance  of  the  master  propellant  is  less  than  expected, then, on  the  matching 
charge  vs  velocity  plane,  the  actual  velocity  loss  for  the  test  guns  will  be  over 
estimated  which  will  result  in  an  abnormally  low  "quickness  corrected"  charge  weight 
when  extrapolated  to  zero  loss.  If  the  actual  velocity  performance  of  the  master 
exceeds  the  nominal  velocity  in  a  new  gun,  the  reverse  will  result. 

Another  source  of  possible  error  in  assessment  is  the  interpretation  of  "Fit  a 
straight  line  to  the  velocity  versus  charge  weight  results."  The  subsequent  refer¬ 
ence  in  MIL-P-22134  to  a  least  squares  operation  at  another  step  in  the  analysis 
would  lead  one  to  believe  that  in  the  analysis  of  the  individual  firing  data,  least 
squares  regression  is  not  required.  In  actuality,  the  procedure  used  for  many  years 
has  required  that  the  arithmetic  average  of  the  muzzle  velocities  be  taken  at  each 
charge  weight  (two  rounds  at  75%  service  velocity  and  five  rounds  at  near-service 
velocity  only)  and  that  a  straight  line  be  drawn  through  these  two  points  and  then 
extended  until  it  intercepts  the  "velocity  of  the  occasion"  established  by  the  fir¬ 
ing  of  the  master  propellant.  The  charge  weight  of  the  test  powder  corresponding  to 
that  intercept  is  designated  the  matching  charge. 

To  perform  an  error  analyses  on  this  technique,  it  is  necessary  to  establish 
the  confidence  with  which  each  mean  is  established,  remembering  that  the  low  veloc¬ 
ity  mean  is  based  on  a  sample  size  of  two  rounds  per  firing  while  the  near-service 
mean  is  based  upon  at  least  four  rounds  (usually  five).  Thus,  for  each  firing, 

95%  confidence  limits  can  be  assigned  to  the  matching  charge.  These  confidenced 
matching  charges  can  then  be  used  to  extend  the  error  analyses  to  the  velocity  loss 
versus  matching  charge  plane  to  determine  the  error  range  for  the  "quickness  correct¬ 
ed"  charge  in  the  new  gun  condition.  By  this  process,  at  95%  level  of  confidence, 
it  was  determined  that  the  "quickness  corrected  charge"  required  to  match  the  Master 
could  have  been  anything  between  50.25  lbs  and  52.60  lbs  whereas  the  assessed  was 
50.85  lbs. 

In  the  particular  case  of  the  attempted  powder  proof  on  the  replacement  8"/55 
reduced  charge,  the  master  propellant,  SPDN-9836,  was  firing  35  f/s  below  its 
nominal  velocity  performance  in  a  new  gun  (Liner  S/N  11.32) .  Depot  loaded  charges 
fired  during  the  malfunction  investigation  were  also  performing  below  standard.  The 
result  was  the  assessment  of  an  artificially  low  quickness  corrected  charge  weight. 

A  perfectly  executed  powder  proof  under  the  provisions  of  MIL-P-22314  would  give  a 
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"quickness  corrected"  charge  range  of  2,35  lbs  at  a  95%  level  of  confidence  in  this 
particular  case. 

The  error  in  charge  assessment  of  the  modified  procedure  was  also  established. 

It  was  noted  that  the  method  used  to  determine  the  replacement  8"/55  reduced  charge 
assignment  has  several  outstanding  characteristics: 

a.  Two  new  guns  were  used,  therefore  eliminating  the  need  to  extrapolate  to  the 
new  gun  condition. 

b.  Two  charge  weights  were  used  giving  muzzle  velocities  which  bracketed  the 
desired  performance,  thus  eliminating  another  extrapolation, 

c.  At  each  charge  weight,  a  sufficient  sample  size  was  obtained  to  allow  con¬ 
fidence  in  the  means  established. 

d.  A  linear  least  squares  regression  was  then  used  to  establish  the  muzzle 
velocity  vs  charge  relationship  for  the  new  gun  condition. 

e.  The  velocity  to  be  matched  was  the  nominal  new  gun  velocity  an  absolute 
quantity,  rather  than  the  day-to-day  performance  of  the  master  propellant  which  was 
of  a  different  granulation  than  the  test  propellant. 

The  correlation  coefficient  calculated  for  the  least  squares  line  was  R  =  .9657. 
The  percentage  of  the  variance  removed  by  the  regression  line  is  93.26%  by  analysis. 
This  result  indicates  that  the  assumption  of  a  linear  relationship  between  charge 
weight  and  muzzle  velocity  is  not  unreasonable  in  this  case. 

Analyses^  at  the  95%  level  of  confidence  indicates  that  the  charge  weight  as¬ 
sessed  by  the  modified  procedure  is  52.03  +*15  ibs. 

Another  way  to  look  at  this  result  is  that  95%  of  all  sample  mean  muzzle 
velocities  obtained  with  52.03  lb  of  SPDN  8291  when  fired  in  a  new  8"  MARK  16  MOD  1 
liner  with  260  lb.  8"  MARK  25  projectiles  will  fall  within  7.5  f/s  of  the  nominal 
new  gun  velocity,  2220  f/s, 

ADDITIONAL  TESTS.  The  Navy  occasionally  conducts  firing  tests  as  a  part  of  the  pro¬ 
pellant  surveillance  program  to  determine  actual  gun  performance  in  addition  to  the 
laboratory  tests  normally  performed. 

5"/38  Caliber  Guns.  In  January  1972,  a  surveillance  firing  test  was  conducted 
on  19  lots  of  Navy  Cool  (NACO)  propellant.  This  composition  of  propellant  had  been 
hastily  introduced  into  the  Fleet  in  this  caliber  in  1969  for  its  reduction  in  gun 
wear  characteristics;  NACO  has  a  flame  temperature  of  approximately  2250°K  where 
previous  compositions  for  this  caliber  are  2550°K.  The  propellant  lots  had  been 
assessed  in  accordance  with  the  procedures  and  aceptance  criteria  of  MIL-P-22314 
(original  procedure  as  discussed  in  8"/55  section)  and  matched  against  a  master 
propellant  of  another  composition  (PYRO),  the  only  one  available.  The  firing  test 
for  the  surveillance  test  was  conducted  on  three  different  days  in  one  new  gun 
(proof  series  only)  and  no  master  was  fired  for  comparison  or  gun  ballistic  level 
per  event.  A  total  of  ten  rounds  from  each  of  the  19  propellant  lots  were  locally 
assembled  and  fired.  Figure  2  is  a  plot  of  the  Nominal  New  Gun  Velocity  (NNGV) 
minus  the  Test  Propellant  Mean  Velocity  (TPV)  vs  the  propellant  lot  in  order  of 
manufacture.  Note  that  the  range  of  differences  in  the  velocity  means  is  88  f/s 
(53  f/s  and  -35  f/s)  for  the  19  lots!  It  is  felt  that  some  of  this  significantly 
large  range  may  have  been  reduced  by  matching  against  the  Master  used  in  the  assess- 
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ments.  This  propellant  composition  is  no  longer  used  in  this  caliber  because  of  an 
adverse  primer-propellant  relationship  (shock  waves)  which  was  discovered  in  1974, 

No  surveillance  firing  test  has  been  conducted  in  this  caliber  since  1972,  . 

5'754  Caliber  Guns.  In  June  1973,  a  surveillance  firng  test  was  conducted  on 
15  lots  of  NAC’O  prbpel'lant.  This  composition  of  propellant  had  been  hastily  intro-; 
duced  into  the  Fleet  in  this  caliber  in  1967  for  the  same  reasons  mentioned  for  the 
5'738  NACO  propellant.  Nine  of  the  15  lots  were  assessed  against  a  Master  propellant 
of  different  composition  (PYRO)  and  six  lots  were  assessed  against  a  NACO  Master 
propellant.  All  15  lots  were  assessed  in  accordance  with  the  procedures  and  accep¬ 
tance  criteria  of  MIL-P-22314,  "original  procedure."  Propellant  from  the  first  nine 
lots  was  received  in  depot  loaded  propelling  charges  (separated  loading  ammunition) 
and  propellant  from  the  latter  six  lots  was  received  from  bulk  storage  and  locally 
loaded  prior  to  firing.  The  test  was  designed  to  compare  the  performance  of  each 
propellant  lot  against  the  Master  propellant  it  was  assessed  against.  The  Master 
was  locally  loaded.  Ten  rounds  of  each  propellant  lot  were  fired  during  the  three 
day  test  and  again  the  gun  had  only  proof  of  barrel  rounds  fired  prior  to  the  test. 
The  data  are  graphically  presented  in  Figure  3.  A  significant  lot-lot  variation 
range  of  66  f/s  around  the  Masters  was  noted  for  all  lots.  The  change  in  the  Master 
propellant  composition  to  the  same  as  the  test  propellant  significantly  decreased 
the  range  between  lots  (21  f/s),  but  it  was  still  greater  than  desired. 


RESULTS 

ACTION,  As  a  result  of  the  information  presented  in  Figures  1,  2,  and  3,  funds  were 
made  available  in  Fiscal  Year  (FY)  1975  to  revise  MIL-P-22314  as  recommended  by 
reference  (5).  Applicable  specifications,  assorted  test  procedures  and  related  docu¬ 
ments  were  perused  and  discussed  with  knowledgeable  personnel  at  a  variety  of  DOD 
activities.  Firinq  schemes  (e.g,,  number  and  order  of  rounds,  guns,  temperatures, 
days,  mounts,  etc.),  acceptance  criteria,  and  analyses  procedures  were  examined, 

Monte  Carlo  simulations  were  conducted  to  examine  the  reliability  and  confidence  of 
a  proposed  charge  estimator.  A  firing  program  was  conducted  to  check-out  the  pror 
posed  procedure,  the  proposed  analyses  of  data  were  performed,  and  the  final  assessed 
charge  was  test  fired  for  verification.  The  velocity  means  produced  by  the  "test 
propellant"  assessed  charge  and  the  Master  Propellant  on  that  occasion  differed  by 
one  f/s! 

The  proposed  revision  to  MIL-P-22314  was  submitted  to  the  sponsor^  and  approved,^ 
The  new  procedure  has  been  used  by  the  U.S,  Navy  since  April  1976.  As  of  1  September 
1982,  a  total  of  40  lots  of  propellant  spanning  three  calibers  of  guns  has  been 
assessed  by  the  new  procedure  with  very  good  results.  Figure  4  is  a  graphical  pre¬ 
sentation  of  some  of  test  results  showing  the  decrease  in  lot-lot  variation  and 
difference  of  Master  Propellant  and  test  propellant  mean  velocities  as  Master  and 
test  propellant  compositions  changed  and  especially  as  the  test  procedure  changed. 

CURRENT  PROCEDURE.  The  current  procedure  for  evaluation  of  all  U.S.  Navy  shipboard 
gun  ammunition  propellant  lots  is  presented  as  Figure  5. 

Master  Propellant,  Test  lots  of  propellants  are  matched  against  a  Master  of 
the  same  cornposition  and  granulation.  If  there  is  no  Master,  then  the  Master  rounds 
are  obviously  omitted  from  the  firing  scheme  and  the  Nominal  Mew  Gun  Velocity  (NM6V) 
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5"/54  NACO  PROPELLANT  SURVEILLANCE 

Master  Propellant  Mean  Velocity  Less  Test 
Propellant  Mean  Velocity  vs  Propellant  Lot 
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Propellant  Lot 
Rgure  3 


'"/54  CALIBER  NACO  PROPELLANT 

Master  Propellant  Mean  Velocity  Minus  Test 
Propellant  Mean  Velocity  vs.  Ammunition  Lot 
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Ammunition  Lot 


for  the  assembly  is  used  instead  in  the  analyses. 


Guns.  If  there  is  a  Master,  the  guns  used  shall  not  have  a  velocity  loss 
greater  than  two  and  one-half  %  of  the  NMGV  for  the  assembly.  If  there  is  no 

Master,  the  guns  shall  not  have  a  velocity  loss  greater  than  one  and  one-half  % 

of  the  NNGV  for  the  assembly.  No  more  than  one  gun  shall  be  fired  each  day. 

Mount.  If  the  system  has  both  an  automatic  and  single  fire  mount,  the  tests 
shall  be  conducted  in  the  automatic  mount.  Firing  shall  be  in  the  single  fire  mode 
but  the  ammunition  shall  be  automatically  loaded  into  the  gun  barrel  utilizing  the 
mount  hoist  and  ram  mechanisms. 

Instrumentation.  Instrumentation  must  measure  muzzle  velocity  (NSWC/DL  uses  a 
G.E.  transceiver  doppler  radar,  KU-band,  mounted  on  the  gun  barrel)  and  maximum 

chamber  pressure  (NSWC/DL  uses  U.S.  Navy  copper  crusher  gauges).  Ejection  time  is 

measured  as  backup  information.  The  quantity  of  flash  is  measured  by  photocell, 
also  as  backup  information. 

Charges.  An  estimated  charge  for  the  test  propellant  lot,  Ci,  is  determined 

either  from  a  probing  round  firing  test  or  from  the  combination  of  test  experience 

and  chemical/closed  bomb/geometrical  information  provided  for  each  lot  by  the  pro¬ 
pellant  manufacturer  (Powder  Description  Sheet  Data).  This  charge  is  estimated  to 
produce  Master  velocity  or  NNGV.  Determine  two  extreme  charges  for  the  test  propel¬ 
lant.  Charge  C2  is  a  charge  estimated  to  produce  a  velocity  approximately  50  f/s 
less  than  charge  C] .  Charge  C3  is  a  charge  estimated  to  produce  a  velocity  approx¬ 
imately  50  f/s  greater  than  charge  C] .  Charges  C2  and  C3  should  result  in  a  veloc¬ 
ity  range  of  approximately  100  f/s  for  the  test  instead  of  the  approximate  600  f/s 

for  full  service  charge  lots  by  the  former  procedure.  Charges  C2  and  C3  also  should 
bracket  the  Master  velocity  or  NNGV  thereby  eliminating  the  need  to  extrapolate  in 
each  gun. 

Firing  Tests.  The  firing  scheme  for  each  gun  is  presented  on  the  right  of 
Figure  5.  Charge  groups  C2  and  C3  should  be  randomized  for  each  gun.  If  there  is  a 
Master,  the  Master  should  be  randomized  with  the  C]  charge.  The  first  round  of  the 
day  is  considered  to  be  a  warming  round  and  as  such  is  not  used  in  the  analyses  of 
data.  The  first  four  groups  (three  if  there  is  no  Master)  of  the  firing  scheme 
shall  be  fired.  The  linear  least  squares  velocity  vs  charge  weight  relationship  for 
the  test  propellant  (TP)  shall  be  calculated.  The  data  from  all  of  the  TP  rounds 
shall  be  used,  thereby  eliminating  round  off  to  means.  If  there  is  a  Master,  calcu¬ 
late  its  mean  velocity  (MPV ) .  Substitute  the  MPV, or  the  NNGV  if  there  is  no  Master, 
in  the  Velocity  vs  Charge  Weight  linear  fit  and  determine  the  estimated  charge 
weight  (TPMC)  for  the  TP  required  to  match  the  MPV  or  NNGV.  Assemble  and  fire 
four  rounds  (first  round  is  a  warming  round  and  not  used  in  data  analyses)  with  the 
TPMC.  Calculate  the  mean  velocity  for  the  MC  rounds  (TPMCV)  and  determine  its 
difference  (A)  from  the  MPV  or  NNGV.  Repeat  the  above  process  for  each  of  the 
remaining  three  guns. 

Assessed  Charge.  To  determine  the  assessed  charge  (AC)  for  the  TP,  solve  the 
statistically  weighted  formula  presented  in  Figure  5,  MC^  is  the  test  propellant 
matching  charge  for  each  gun  and  Aj  is  the  difference  in  the  velocity  produced  by 
the  test  propellant  matching  charge  and  the  Master  or  from  the  NNGV.  If  the  A  for 
any  gun  is  determined  to  be  zero,  replace  the  zero  with  a  one. 
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Validity.  The  validity  of  the  assessed  charge  shall  be  determined  by  a  firing 
program  in  any  of  the  guns  used  in  the  assessment.  The  program  shall  consist  of 
five  or  10  rounds  each  of  the  Master  and  each  lot  evaluated  (depends  on  caliber). 
The  rounds,  including  the  Master,  shall  be  randomized  to  eliminate  any  gun  erosion 
or  hot  gun  effect. 

Pressure  Determination.  The  mean  pressure  produced  by  the  matching  charge  in 
each  of  the  ith  guns  shall  be  calculated.  To  this  value  is  algebraically  added  the 
pressure  erosion  loss  of  the  Master  for  that  gun.  The  overall  estimate  of  the 
maximum  chamber  pressure  is  then  obtained  by  averaging  these  four  pressures.  If 
there  is  no  Master,  average  the  four  pressures  across  the  guns. 

Ballistic  Uniformity.  The  velocity  and  maximum  chamber  pressure  standard  de- 
viations  shall  be  determined  from  the  matching  charge  data  per  gun.  For  each 
standard  deviation: 

a.  Calculate  the  sum  of  the  squares  of  the  deviations  from  the  mean  per  gun. 

b.  Sum  across  the  guns.  - 

c.  Divide  by  the  quantity  of  the  sum  of  the  total  number  of  rounds  minus  the 
number  of  guns. 

d.  Take  square  root  to  nearest  unit  of  acceptance  criteria. 

Acceptance/Rejection.  The  acceptance  or  rejection  of  each  lot  is  determined 
by  comparing  the  acceptance  criteria  with  the  values  determined  above. 
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STICK  CONFIGURATION  PACKAGED  IN  BAGS  AND  COMBUSTIBLE  CASES 
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ABSTRACT 

A  limited  series  of  firing  tests  were  conducted  to  compare  the  wear  and  ero¬ 
sion,  and  heating  effects  of  the  standard,  high  zone  155inm  M203  propelling  charge 
with  a  variety  of  stick  charges  in  bags  or  combustible  cases.  The  test  charges 
were  made  from  M30A1,  M31E1  and  Nitramine  propellants,  and  were  configured  to  a- 
chieve  a  ballistic  match  with  the  M203  charge. 

Data  was  taken  to  provide  comparisons  between  the  standard  and  test  charges, 
M30A1  and  M31E1  stick  and  between  bag  and  combustible  case  with  both  M30A1  and 
M31E1  propellants . 

Preliminary  examination  of  the  summary  data  table  of  heating  effects  indicate 
such  comparisons  as: 

1.  The  standard  M203  propelling  charge  wear  performance  is  as  good  as  all 
test  charges  at  the  origin  of  rifling. 

2.  M31E1  stick  in  a  combustible  case  without  a  Ti02/wax  liner  is  better  than 

bag. 

3.  Performance  of  the  M31E1  and  M30A1  stick  indicates  that  the  M31E1  stick 
produces  less  heating  and  less  erosion  than  M30A1  stick. 

Comparison  of  wear  profiles  for  U.S.  155mm  M198  Howitzer  and  a  similar  NATO 
system  firing  similar  propelling  charges  and  projectiles  shows  that  the  British 
zone  8  stick  propelling  charge  in  combustible  case  with  10%  talc  causes  less  down- 
bore  wear  than  the  U.S.  M203  granular  propelling  charge. 

INTRODUCTION 

One  of  the  major  problems  of  the  155inm  M198  weapon  system  continues  to  be  the 
wear  life  of  the  gun  tube,  which  is  roughly  one  sixth  of  the  fatigue  life.  Artil¬ 
lery  systems  have  a  requirement  to  fire  at  the  extremes  of  both  long  and  short 
ranges  using  a  constant  firing  chamber  volume.  This  prevents  the  use  of  cooler 
propellants  with  their  associated  larger  chamber  volumes  to  reach  the  longer  ranges 
since  the  peak  pressure  and  pressure  rise  time  in  this  larger  volume  may  not  be 
sufficient  to  insure  that  the  projectile  will  exit  the  tube  when  smaller  charges 
are  fired  to  reach  the  shorter  ranges.  Granular  propellant  has  a  limit  in  the 
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packing  density  to  which  it  can  be  loaded  without  incurring  serious  ignition  pro¬ 
blems.  Thus,  in  order  to  reach  the  longer  ranges  required  at  an  acceptable  charge 
loading  density,  an  intermediate  chamber  volume  was  chosen  which  necessitated  the 
use  of  a  propellant  with  a  correspondingly  higher  flame  temperature.  A  sufficient 
quantity  of  cooler  burning  granular  propellant  such  as  M31  would  not  fit  into  the 
chamber  to  reach  the  longer  ranges. 

It  has  been  determined  for  granular  nitrate  ester  propellants  that  the  higher 
the  flame  temperature  of  the  propellant,  the  greater  the  erosion.  Stick  propel¬ 
lant  can  be  loaded  at  higher  loading  densities  than  granular  propellant.  Thus,  it 
is  possible  to  use  the  cooler  stick  propellants  in  the  intermediate  chamber  vol¬ 
umes.  However,  stick  propellant  burns  differently  from  granular  propellant,  and 
its  wear  characteristics  have  not  been  fully  assessed. 

This  test  program  was  designed  to  provide  wear  data  to  help  quantify  the  ther¬ 
mal  and  erosion  effects  of  stick  propelling  charges  and  to  permit  direct  compari¬ 
sons  with  the  present  standard  M203  granular  propelling  charge.  Wear  reducing 
additives  were  not  specifically  addressed,  but  one  series  of  M30A1  stick  propellant 
in  propelling  charge  bag  was  tested  with  the  same  Ti02/wax  wear  reducing  liner  as 
is  contained  in  the  granular  charge. 

EXPERIMENTAL 


PROPELLING  CHARGES 


Propelling  charges  containing  M30A1,  M31E1,  and  Nitramine  stick  propellants  in 
bags  and  combustible  cases  were  configured  to  achieve  a  ballistic  match  with  the 
standard  M203E2  propelling  charge.  Seven-round  series  of  propellants  and  charge 
container  combinations  were  fired  in  which  thermal  and  erosion  data  were  measured. 
These  data  were  compared  with  anologous  data  obatined  from  M203  and  M203  with¬ 
out  the  Ti02/wax  wear  reducing  liner.  The  Nitramine  stick  series  was  discontinued 
after  the  first  round  due  to  excessive  chamber  pressure.  Table  1  describes  each 
series  fired.  M549A1  projectiles  were  fired  with  all  test  charges.  M107  projec¬ 
tiles  fired  with  M4A2  propelling  charges  were  used  as  cleaners  before  each  test 
series.  Figures  1  and  2  illustrate  two  typical  test  charges. 

GUN  TUBE 


A  155mm  M199  gun  tube,  serial  number  29943,  was  instrumented  with  thermal  and 
erosion  sensors  at  the  locations  shown  in  Figure  3.  This  test  program,  including 
cleaner  founds,  comprised  rounds  104  through  171  of  all  rounds  fired  through  tube 
serial  number  29943. 

HEAT  SENSORS 


Three  thermocouple  wells  were  drilled  in  the  tube  at  the  origin  of  rifling  to 
receive  thermocouples  (heat  sensors) .  Each  well  was  flat-bottom  drilled  to  a 
measured  distance  of  about  Imm  from  the  bore  surface  at  the  center  of  a  groove  in 
order  that  the  entire  heating  cycle  be  completed  prior  to  achievement  of  maximum 
temperature  at  this  depth.  A  fourth  thermocouple  was  located  at  1.65  meters  (65 
inches)  from  the  rear  face  of  the  tube  (RFT)  also  1mm  from  the  bore  surface  at  the 
center  of  a  groove.  A  typical  heat  sensor  installation  is  shown  in  Figure  4. 
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Wires  of  stainless  steel  sheathed,  40  gauge  chromel-alumel  are  forced  into 
contact  with  the  flat-bottomed  hole  by  the  action  of  a  compression  spring.  When 
contact  is  maintained,  a  thermocouple  junction  is  formed  at  the  contact'  points  of 
the  wires  with  the  bottom  of  the  well.  If  contact  is  lost  for  any  reason,  electri¬ 
cal  continuity  is  also  lost  and  no  output  will  result.  Thus,  when  an  output  is 
generated,  it  directly  represents  the  change  in  temperature  at  the  contact  point. 
Subsequent  analysis  yields  the  total  local  amount  of  heat  input  per  unit  area  to 
the  gun  barrel.  As  is  shown  in  Figure  4,  a  small  amount  of  silicone  grease  is 
placed  in  the  thermocouple  well  prior  to  insertion  of  the  thermocouple  to  fill  void 
spaces  and  to  decrease  the  small  thermal  resistance  introduced  by  the  presence  of 
the  hole.  The  thermocouple  assembly  is  held  in  place  by  use  of  a  10  -  32  machine 
screw,  which  also  imposes  the  required  force  to  the  thermocouple  loading  spring. 

EROSION  SENSORS 


Three  erosion  sensors  were  installed  in  lands  in  tube  serial  number  29943; 
two  at  the  origin  of  rifling  region  and  one  at  1.65m  (65  inches)  RFT.  At  the  ori¬ 
gin  of  rifling,  the  sensors  were  placed  at  1.06m  (41.85  inches)  and  1.09m  (42.85 
inches)  RFT. 

These  sensors  were  fabricated  such  that  they  could  be  replaced  after  each 
series  of  shots  in  order  to  keep  the  data  for  each  series  separate.  Thus,  erosion 
sensor  holders  were  designed  for  adjusting  surface  match  between  sensor,  holder 
and  tube  face,  as  well  as  to  firmly  fix  the  sensors  axial  position  after  adjust¬ 
ment.  After  fabrication,  each  holder  was  inserted  into  its  respective  location  in 
the  tube  and  honed  to  produce  an  excellent  fit  to  the  bore  curvature.  Gas  seals 
were  provided  by  use  of  conventional  0— rings.  The  erosion  sensor  can  be  seen  in 
Figure  5. 

The  erosion  sensors  were  machined  in  the  shape  of  cylinders  having  a  single 
0-ring  groove  at  the  approximate  mid-point  (Figure  5).  The  sensor  was  made  from 
4340  steel  heat  treated  to  a  hardness  R^34  and  sheathed  in  Tantulum  -  10%  tungsten 
alloy.  The  inner  face  of  the  sensor  was  contoured  to  match  the  bore  curvature. 

This  face,  after  polishing,  was  fitted  with  a  series  of  three  different  Knoop  im¬ 
pressions  of  various  depths  and  one  square  indentation  which  were  made  with  a 
microhardness  tester. 

A  diamond  indenter  of  the  Knoop  type  was  employed  for  all  erosion  sensors. 

This  indenter  produces  a  sharp  impression  with  a  constant  length  to  depth  ratio  of 
30:1,  independent  of  depth,  as  illustrated  in  Figure  6.  Variation  in  impression 
depth  could  be  obtained  by  changing  the  load  on  the  indenter  tool.  The  impres¬ 
sions  served  as  a  gauge  by  which  erosion  or  v/ear  could  be  measured  after  firing. 

The  approximate  depths  of  the  Knoop  impressions  on  each  sensor  range  from  1.2  to 
10.7  microns.  After  forming  the  surface  impressions,  the  surface  of  each  sensor 
was  characterized  prior  to  being  used  in  the  gun  testing  by  photomicrographs  (SEM) 
at  275X  magnification.  The  smallest  impression  was  further  photographed  at  900X. 

Post  test  examination  of  the  erosion  sensor  can  indicate  the  amount  of  erosion 
in  several  ways.  When  severe  erosion  occurs,  one  or  several  impressions  may  be 
completely  removed,  thus  indicating  surface  loss.  I^en  normal  erosion  occurs,  the 
impression  lengths  will  shorten  in  direct  proportion  to  depth  change. 
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PROCEDURE 


TEST  FIRINGS 

The  tests  were  conducted  jointly  at  ARRADCOM  in  Dover,  N.J.  by  ARRADCOM  and 
Calspan  Corporation  personnel.  The  types  of  charges  tested  are  listed  below  and 
in  Table  1: 

1.  The  standard  M203* 

2.  The  standard  M203  without  Ti02/wax  additive  liner  but  v/ith  lead  foil. 

3.  M31E1  stick  propellant  in  propelling  charge  bag  without  Ti02/wax  additive 
liner  but  with  lead  foil. 

4.  M30A1  stick  propellant  in  propelling  charge  bag  with  Ti02/wax  additive 
liner. 

5.  M30A1  stick  propellant  without  Ti02/wax  additive  liner  or  charge  contain¬ 
er,  but  with  lead  foil. 

6.  M31E1  stick  propellant  in  combustible  case  without  Ti02/wax  additive 
liner. 

7.  M30A1  stick  propellant  in  combustible  case  without  Ti02/wax  additive  lin¬ 
er  but  with  lead  foil. 

8. *  Nitramine  stick  propellant  in  combustible  case  without  Ti02/wax  additive 

liner  but  with  lead  foil. 

*  1  Round  only. 

The  tests  were  fired  in  seven  round  series  with  M549A1  projectiles.  Tempera¬ 
ture  -  time  profiles  were  recorded  directly  from  the  thermocouples  during  and 
after  firing  at  a  point  approximately  1mm  from  the  bore  surface  for  each  heat  sen¬ 
sor  location.  See  Figures  3  and  4.  Erosion  was  measured  for  each  series  by  the 
change  in  Knoop  impression  dimensions  and  divided  by  the  number  of  rounds  per 
series  to  yield  averaged  values  per  round.  See  Figures  3,  5,  and  6. 

DATA  REDUCTION 


The  data  reduction  consisted  of  1,  conversion  of  thermocouple  data  from  a 
point  1mm  below  the  bore  surface,  to  bore  heat  input  per  unit  area  at  the  surface, 
and  2,  assessment  of  the  bore  surface  erosion  by  examination  of  the  erosion  sen¬ 
sors.  Conversion  of  in-wall  temperature  to  heat  input  was  based  upon  the  theory 
(Reference  2)  that  bore  heat  input  per  unit  area  is  given  by  the  expression 

Q  =  V Trkcpjn  0  (T  (0)  -  T^) 

where  Q  is  the  local  heat  input  per  unit  area  at  the  heat  sensor  location 
Tq  is  the  initial  in-wall  temperature 
0  is  the  time  after  firing 

K  is  the  thermal  conductivity 

cpjjj  is  the  heat  capacity  per  unit  volume 

Q  is  evaluated  at  successive  time  intervals  of  0,1,  0.2,  0.3  seconds,  etc.,  result- 
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ing  in  a  plot  of  0  vs  0.  The  curve  produced  approached  the  calculated  heat  input 
asympotically. 

The  amount  of  erosion  experienced  by  each  erosion  sensor  was  determined  by 
comparison  of  the  pretest  and  posttest  scanning  electron  microscope  (SEM)  photo¬ 
graphs.  This  comparison  was  made  after  careful  ultrasonic  cleaning  (as  confirmed 
by  use  of  the  SEM  in  the  x-ray  mode)  and  included  visual  study  of  the  surface  con¬ 
dition  and  measurement  of  impression  length  change. 

RESULTS 

The  reduced  heat  data  for  the  tests  conducted  are  summarized  in  Table  2. 

This  table  shows  the  averaged  heat  input  and  standard  deviation  for  each  test  ser¬ 
ies  for  each  heat  sensor  location.  See  Figure  3. 

Table  3  provides  a  list  of  chamber  pressure  and  muzzle  velocity  data  averaged 
for  each  test  series  together  with  each  standard  deviation. 

Table  4  lists  the  relative  ranking  of  each  test  series  for  both  heat  and  ero¬ 
sion  data.  Data  from  the  thermal  sensors  at  the  41.85  in  RFT  station  has  been 
averaged  to  show  a  single  ranking  value  for  each  type  of  sensor  at  each  axial 
location.  Table  4  also  briefly  describes  the  coating  observed  on  the  erosion  sen¬ 
sors  and  the  presence  of  coppering  of  these  same  sensors. 

Evaluation  of  the  test  charges  was  performed  by  1,  comparisons  of  the  heat 
inputs  for  each  type  of  charge,  2,  comparisons  of  the  relative  rankings  of  the  ero¬ 
sion  data,  and  3,  comparisons  of  the  relative  rankings  as  provided  by  the  heat  and 
erosion  methods.  All  comparisons  were  made  relative  to  the  standard  M203  charge. 
Series  8,  the  Nitramine  stick  propellant  in  a  combustible  case  without  Ti02/wax 
additive  liner  but  with  lead  foil  was  discontinued  after  the  first  round  due  to 
excessive  chamber  pressure.  Results  for  this  series  will  not  be  discussed  further, 
but  the  single  round  data  will  be  included  in  the  tables. 

DISCUSSION 

Relative  rankings  of  all  test  series  based  on  thermal  and  erosion  data  for 
each  axial  sensor  location  as  shown  in  Figure  3  is  given  in  Table  4.  Figure  7 
compares  the  averaged  heat  input  for  each  series,  for  each  of  the  four  thermal  sen¬ 
sors,  plus  or  minus  one  standard  deviation. 

Examination  of  the  erosion  sensor  surfaces  shows  that  the  only  series  for 
which  Knoop  impressions  remained  visible  after  testing  were  series  1  and  4,  at 
41.85  inches  RFT,  and  series  1  at  42.85  inches  RFT.  Therefore,  the  examination 
was  extended  to  include  machining  marks  on  the  tantalum  -  10%  tungsten  sleeve 
around  the  sensor,  the  amount  of  recession  of  the  steel  beyond  the  sleeve,  and  the 
amount  of  erosion  visible  on  the  sleeve.  An  assessment  was  also  made  of  the 
general  character  of  the  coating  that  was  observed  on  the  erosion  sensors  and 
whether  copper  was  present.  This  is  briefly  summarized  in  Table  4. 

A  cursory  examination  of  the  heating  data  as  described  by  Figure  7  shows  that 
thermal  sensors  4,  5,  and  6  consistently  yield  progressively  higher  readings  for 
each  series. 
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Since  previous  test  programs  fired  in  this  tube  with  the  same  instrumentation 
also  produced  readings  which  increased  consistantly  in  the  same  order  as  the  sen¬ 
sor  numbers,  and  since  different  thermocouples  were  used  from  one  test  program  to 
the  next  and  were  sometimes  changed  during  a  test,  this  effect  may  be  caused  by 
some  inconsistancy  in  the  thermocouple  wells  or  that  the  heat  distribution  around 
the  firing  chamber  is  not  uniform.  However,  the  data  would  still  be  adequate  to 
yield  relative  rankings  as  Figure  7  shows. 

None  of  the  series  fired,  including  the  standard  M203,  produced  the  same 
relative  ranking  for  all  the  sensors.  Further,  there  does  not  appear  to  be  a  cor¬ 
relation  between  the  relative  rankings  based  on  the  heat  data  and  the  erosion  data, 
although  some  agreement  is  shown  for  the  41.85  inches  RFT  location  for  series  1,  4, 
and  5.  Note,  also,  that  Table  4  and  Figure  7  show  that  some  series  produced  simi¬ 
lar  results  for  individual  sensors  so  that  relative  rankings  were  given  as  ties. 

From  the  relative  rankings  listed  in  Table  4  and  the  heating  data  with  its 
associated  variability  given  in  Figure  7,  observations  can  be  made  comparing  the 
performances  of  the  several  propelling  charges  tested.  In  general,  none  of  the 
charges  performed  better  than  the  standard  M203  propelling  charge,  although 
series  6,  the  M31E1  stick  propellant  in  combustible  case  without  the  Ti02  wear 
additive  liner  appeared  to  perform  equally  well,  indicating  that  the  same  charge 
with  a  wear  reducing  additive  may  be  superior  to  the  M203  propelling  charge. 

Comparing  series  3  and  6,  M31E1  stick  propellant  without  wear  additive  liners 
in  charge  bag  and  combustible  case  indicates  that  the  combustible  case  may  offer  a 
significant  improvement  in  heat  input.  The  addition  of  talc  to  the  combustible 
case,  which  is  scheduled  to  be  evaluated  shortly,  is  expected  to  reduce  both  ero¬ 
sion  and  heating. 

Comparison  of  series  3  and  4,  M31E1  and  M30A1  stick  propellant  in  charge  bags 
shows  almost  identical  performance.  However,  since  series  4  was  fired  with  a  wear 
reducing  liner,  this  suggest  that  if  the  M31E1  propellant  also  was  fired  with  Ti02/ 
wax  liner,  its  performance  might  have  been  better. 

Series  5,  M30A1  stick  propellant  wrapped  only  in  lead  foil,  appeared  to  be 
consistantly  poorest  in  both  heating  and  erosion,  indicating  that  a  charge  con¬ 
tainer  helps  to  reduce  both  effects.  Comparing  series  5  with  series  7  indicates 
that  the  combustible  case  should  greatly  reduce  the  gun  tube  erosion. 

Clearly,  considerably  more  tests  are  necessary  to  accurately  compare  stick 
propellants  with  granular  propellants  and  combustible  cases  with  charge  bags  - 
M31E1  stick  propellant  with  wear  additive  liner,  and  M31E1  stick  propellant  in  a 
combustible  case  with  talc  should  be  evaluated.  M30A1  stick  propellant  in  com¬ 
bustible  case  with  talc  should  also  be  tested. 

It  should  also  be  emphasized,  that  these  tests  are  performed  at  only  two  axial 
tube  locations;  the  origin  of  rifling  and  a  point  approximately  23  inches  further 
down  the  tube  toward  the  muzzle.  The  entire  wear  profile  of  the  tube  and  the  re¬ 
sultant  effect  on  tube  condemnation  has  not  been  addressed  for  any  of  the  stick 
propellants  tested  as  it  has  for  the  M203  propelling  charges.  See  Reference  3  and 
Figure  8. 


VI^525 


Figure  8  compares  the  wear  profile  of  the  standard  M203  propelling  charge  in 
steel  155Tnm  M199  Howitzer  tube  firing  M549  projectiles  to  a  zone  8  British  stick 
propelling  charge  in  a  combustible  case  containing  8%  to  10%  talc,  firing  a  simi¬ 
lar  projectile.  The  NATO  test  was  conducted  in  a  German  155mm  Howitzer  similar  to 
the  M198  U.S.  weapon  system.  Approximately  2000  rounds  were  fired  for  both  tests. 
See  References  3  and  4. 

From  Figure  8  it  can  be  seen  that  although  the  wear  at  the  origin  of  rifling 
for  both  charges  was  comparable,  the  wear  for  the  British  charge  dropped  off  much 
more  quickly  proceeding  toward  the  muzzle  than  did  that  of  the  M203  charge. 

The  wear  condemnation  limit  for  the  i55mm  Ml 99  tube  firing  the  M203  pro¬ 
pelling  charge  is  normally  1750  rounds.  This  condemnation  limit  for  the  Ml 98 
Howitzer  system  firing  M549A1  projectiles  is  based  on  a  combination  of  premature 
fuze  functioning  and  short  rounds.  These  effects  are  believed  to  be  caused  by 
down  bore  wear  in  the  U.S.  tube.  The  German  tube  firing  the  British  charge  was 
tested  to  a  total  of  3047  rounds  and  was  still  serviceable.  For  these  reasons  it 
will  be  necessary  to  more  fully  characterize  the  wear  effects  of  stick  charge  such 
as  the  M30A1  and  M31E1  propellants. 


SUMMARY 

1.  The  standard  M203  granular  propelling  charge  appears  to  perform  as  well 
or  better  at  the  origin  of  rifling  than  all  of  the  test  charges.  The  performance 
of  series  six,  M31E1  stick  propellant  in  combustible  case  without  wear  reducing 
additive  was  indistinguishable  from  the  standard  charge.  Addition  of  a  wear  re¬ 
ducing  additive  in  the  combustible  case  for  the  M31E1  stick  charge  could  signific¬ 
antly  improve  its  performance. 

2.  The  performance  of  M31E1  stick  propellant  in  combustible  case  without 
wear  reducing  additive  was  better  than  M30A1  stick  propellant  in  the  same  confi¬ 
guration,  indicating  that  the  cooler  burning  M31E1  propellant  is  potentially 
superior. 


3.  Comparison  of  the  heat  data  for  series  3  and  6,  M31E1  stick  propellant  in 
bag  and  combustible  case  indicates  that  combustible  cases  offer  a  reduction  in 
heating. 


4.  Examination  of  the  heat  input  data  for  series  5,  M30A1  stick  propellant 
without  charge  container  shows  that  this  charge  produced  the  highest  heating  of 
all  charges  tested.  Comparison  of  this  data  to  series  7,  the  same  charge  in  a 
combustible  case  shows  that  a  charge  container  significally  reduces  heating  at 
the  origin  of  rifling. 

5.  Heat  input  and  erosion  data  did  not  always  produce  the  same  relative  rank¬ 
ings.  However,  once  the  Knoop  impressions  have  been  removed  from  the  erosion  sen¬ 
sor  surfaces,  the  erosion  sensors  have  been  used  beyond  their  intended  limit  and 
the  data  becomes  somewhat  doubtful. 

6.  Development  of  high  zone  stick  charges  and  extension  of  gun  tube  wear  life 
are  both  major  areas  of  concern  for  Army  artillery  systems.  In  view  of  the  fact 
that  much  of  the  performance  definition  derrived  from  the  test  data  for  this  pro- 
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gram  is  within  the  experimental  variability  of  the  measurement  techniques,  it  is 
of  vital  importance  that  the  accuracy  of  these  results  be  confirmed  by  extended 
testing. 


7.  Comparisons  of  a  wear  profile  of  the  U.S.  155mm  M198  Howitzer  firing  the 
M203  propelling  charge  with  the  M549  projectile,  to  that  of  a  similar  system  deve¬ 
loped  by  NATO  shows  that  the  wear  life  of  the  M199  tube  could  be  greatly  improved 
by  using  the  M31E1  stick  propellant  in  a  combustible  case  with  talc.  The  NATO 
system  fires  a  British  zone  eight  stick  propelling  charge  containing  an  N  Q  pro¬ 
pellant  with  a  flame  temperature  200^  higher  than  that  of  the  U.S.  propellant. 

The  charge  is  contained  in  a  combustible  case  containing  talc  and  is  fired  from  a 
German  tube.  The  wear  test  of  the  NATO  system  was  conducted  to  almost  double  the 
wear  life  of  the  M199  tube,  more  than  3000  rounds,  and  the  tube  was  still  service¬ 
able.  Further  development  and  more  complete  evaluation  of  the  M31E1  propellants 
in  combustible  case  is  necessary  and  it  should  offer  considerable  potential  for 
improving  the  wear. 
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Table  I 


Series 

1 

2 

3. 

4 

5 

6 

7 

8* 


TEST  CHARGES 


Remarks 


The  standard  M203 

The  standard  M203  without  TiOo/wax  additive  liner  but  with  lead 
foil. 

M31E1  stick  propellant  in  propelling  charge  bag  without  Ti02/wax 
additive  liner  but  with  lead  foil, 

M30A1  stick  propellant  in  propelling  charge  bag  with  Ti02/wax  addi¬ 
tive  liner. 

M30A1  stick  propellant  without  Ti02/wax  additive  liner  or  charge 
container,  but  with  lead  foil. 

M31E1  stick  propellant  in  combustible  case  without  Ti02/wax  additive 
liner . 

M30A1  stick  propellant  in  combustible  case  without  T102/wax  additive 
liner  but  with  lead  foil. 

Nitraraine  stick  propellant  in  combustible  case  without  Ti02/wax 
additive  liner  but  with  lead  foil. 

1  Round  only. 
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Table  II 


AVERAGED  HEAT  INPUT 


Sensor  #4 

Sensor 

#5 

Sensor 

#6 

Sensor 

#7 

Series 

Heat 

a 

Heat 

a 

Heat 

a 

Heat 

g 

1 

105.4 

4.1 

106.2 

6.7 

114.2 

4.9 

94.2 

5.2 

2 

111.4 

5.9 

121.7 

10.5 

133.7 

4.7 

106.9 

7.4 

3 

114.9 

2.4 

117.7 

3.4 

131.3 

1.4 

105.3 

1.6 

4 

111.9 

4.5 

126.4 

1.9 

127.1 

3.0 

94.8 

4.8 

5 

136.6 

5.4 

143.9 

2.9 

157.5 

5.1 

120.4 

7.4 

6 

102.1 

4.7 

108.4 

4.5 

118.5 

11.6 

100.9 

3.4 

7 

114.6 

7.4 

124.2 

7.0 

129.6 

4.9 

109.1 

4.9 

8 

100.1 

— 

109.1 

— 

118.1 

— 

95.6 

— 

Table 

;  III 

AVERAGED  CHAMBER  PRESSURE 

(PSI)  AND 

AVERAGEE 

I  MUZZLE 

;  VELOCITY  (EPS) 

Chamber 

Muzzle 

Series 

Pressure 

g 

Velocity 

a 

1 

47,429 

390. 

4 

2726 

4.1 

2 

46,429 

495. 

7 

2723 

8.3 

3 

50,386 

857. 

2 

2716 

11.9 

4 

46,400 

553. 

8 

2665 

6.2 

5 

44,543 

457. 

7 

2674 

10.7 

6 

49,114 

552. 

1 

2685 

9.1 

7 

49,143 

457. 

7 

2717 

7.0 

8 

55,600 

— 

2683 

— 
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SUMMARY  OF  RESULTS 
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FIGURE  1:  Typical  Test  Charge  -  Series 


IIMSTRUMEIMTATION  LOCATIONS  -  155MM  GUN  TUBE  SN29943 


•  ALL  THERMOCOUPLE  CAVITIES  TO  BE  CENTERED  ON  RIFLING  GROOVES 

•  ALL  EROSION  SENSOR  HOLES  TO  BE  CENTERED  QN  RIFLING  LANDS 
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RIFLING 


SENSOR  ADJUSTMENT 
SCREW 
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Erosion  sensor  installation 


WEAR  PROFILES  OF  U.S.  AND  NATO 
ISBMIVI  HOWITZER  TUBES  AT  2000  ROUNDS 
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VIEW  NORMAL  TO  SURFACE 
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Knoop  microhardness  indenter  configuration 


AVERAGED  HEAT  INPUT  DATA  FOR  EACH  TEST  SERIES 
AT  EACH  SENSOR  LOCATION 

±  1  STANDARD  DEVIATION 
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SENSOR  No.  4  I  SENSOR  No.  5  I  SENSOR  No.  6  I  SENSOR  No. 


